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Abstract
Various lubrication conditions have been investigated comprehensively on conventional deep drawing
process, while the open and closed lubricant pockets theory and frictional size effects have been
dispossessed micro deep drawing process to obtain benefits of lubrication conditions. Correspondingly,
proper lubrication conditions have attained a severe concern in microforming. To superior advantages of
microforming, including light and cost-effective parts, in this study, magnesium (Mg)-lithium (Li) alloy,
which is an ultralight alloy, was nominated to form lightweight micro-cups with outstanding ductility. The
Mg-Li is a relatively novel material in microforming. Accordingly, studies were conducted in-depth to
determine the mechanical properties by various heat-treatments. Furthermore, the aluminium (Al)-copper
(Cu) composite material was utilised to boost micro-cups properties. The conventional lubricants were
exploited as the benchmarks to study influences of a novel lubricant, called 1 wt% TiO2 oil-based nanoparticle lubricant, for the Mg-Li alloy and Al-Cu composite materials in the micro deep drawing process.
Finite Element Method (FEM) was accompanied, and the experimental and simulation results were in a
good agreement. The novel nano-particle lubricant illustrates high performance to reduce the drawing force
and improve the micro-cups quality. Moreover, the nano-particles resolved in the lubricant is capable of
mitigating the frictional size effects.
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Chapter 1
Introduction

1.1. Background of the Study
Microforming technology has experienced increasing trend due to the growing in demand and its broad
applications. Various industries such as medical, aerospace, automotive and defence sectors aim to reduce
pollution, volume and cost [1]. To satisfy the increasing demand, considerable improvement in
microforming theories and technologies to manufacture high accuracy microparts with high surface quality
are indisputable [2]. Although, the conventional metal forming is well investigated, microforming
technology is not as mature as that in macroscale [3].
Microforming provides a wide range of advantages, including manufacturing near net shape complex
microparts, high production rate, and cost-effective processes. In addition, microforming processes are
applicable for a large range of materials [4]. While conventional micromanufacturing technologies such as
Silicon-based technologies, Lithography, Electroplating and moulding (LIGA), Bio-micromanufacturing,
and Micro-Laser Sintering are cost-extensive and cover a limited range of material. Therefore, to produce
microparts widely, microforming is the promising micromanufacturing technology to expedite the
attainment of the aim.
The unique characteristics of microforming processes demand an advanced level of material, processes,
tools, and machines concerning the quality and precision. Although part size is reduced to sub-millimetre
in microforming, all parameters are not capable of being scaled down according to the similarity theory [5].
Size effects cause unexpected attributions in mechanical properties, tribology and scatter of data which lead
to high rates of failure. Researchers are concerned to prevent influences of size effects by various methods
such as appropriate lubrication conditions, elevating temperature of the process and accurate simulation
models with consideration of grain size effects, including characteristics, orientations and shapes [6].
Despite substantial improvement to generate comprehensive models, a lack of appropriate knowledge and
strategy could be identified to control the processes.
One of the most widely used microforming processes is Micro Deep Drawing (MDD), in which forming
occurs by radially drawing a micro sheet metal into a die to form a cup-like part. Micro-cups with a thin
wall are a fundamental part in various microfactories, while the associated size effects prevent to form highquality micro-cups [7]. To mitigate size effects, Gong et al. [8] and Xu et al. [9] found that by employing
Polyethylene (PE) film lubricant, Limit Drawing Ratio (LDR) and surface quality could be increased, and
the drawing force reduces considerably. Not only lubrication condition but also other factors, such as the
temperature of the process, optimal blank holder force, surface roughness, and springback have momentous
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effects on the microparts quality. Consequently, in order to produce high-quality micro-cup, it is necessary
to consider all stated parameters.
Alloy metals and composite materials have provided a vast potential in microforming technology for wide
range of industries due to the superior physical and mechanical properties such as high strength, low
density, and outstanding wear resistance in comparison with the conventional materials [10]. Al-Cu
composite material is the preferred material for electrical purposes due to its cost-effectiveness, low density
and distinct conductivity. In addition, magnesium alloys have a reputation for high strength, low density
and good energy absorption. The optimal combination of plasticity and strength in these alloys enables
automotive industries to treat them as the promising material in bulk production of lightweight structures
which are capable of bearing large loads [11].
Although in metal forming, appropriate lubrication conditions should be considered to improve the quality
of processes, due to the increase in open to closed lubricant pockets ratio and poor performance of the
conventional lubrication conditions, proposing advanced lubricants to mitigate frictional size effects has
been abandoned. Consequently, in this study, a novel innovative nano-particle lubricant, called 1 wt% TiO2
water-based nano-particle lubricants, is developed and to determine the performance, dry and oil lubrication
conditions are employed as the benchmarks.
Consequently, this study proposed the deformation behaviour of Al-Cu composite material and different
types of Mg-Li alloy in the MDD process under various conditions, including dry, oil and 1 wt% TiO2 oilbased nano-particle lubrication conditions to improve microparts quality and to reduce the drawing force
to save more energy. In addition to the experiments, numerical study and simulation are conducted to
investigate the conditions and control the processes more accurately.
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Chapter 2
Literature Review
2.1. Background
Microforming is defined as the forming of features with at least two dimensions in the sub-millimetre range
by specific mechanical process technologies [1]. Microforming is the appropriate response to the
miniaturisation trend in medical, electrical and optical devices. Simplicity to use products by enabling a
wide range of functions besides the reduction in weight, cost, and pollution are the advantages to be aimed
in Micro-Electromechanical Systems (MEMS). Consequently, the demands for microparts have been
amplified immensely [5]. As the parts’ dimension changes into microscale, outstanding dimensional
tolerances become tremendously vital to fabricate high-quality microparts.
However, the macroscale metal forming knowledge has sufficiently matured to manufacture products with
high accuracy, precision, and required mechanical properties, the established conventional forming theories
cannot be merely scaled down due to the similarity theory [3]. Microforming Size effects play a substantial
role in determining parameters of the processes [12], which will be investigated in the following sections.
Therefore, novel theories should be established in microforming technology to solve the associated issues
such as the increase in the surface to volume ratio and Van der Waals force influences.

2.2. Micromanufacturing Technologies
Micromanufacturing technologies have been developed to keep up with the miniaturisation growing trend.
Silicon-based technologies are one of the widely used micromanufacturing technologies. Although Siliconbased technologies are investigated comprehensively and they have been applied to mass production
systems, there some drawback with the process, including considerable loss of material, limitation of
silicon-based material and relatively cost extensive processes which have made this technology less
economical and effective [7]. LIGA is the other micromanufacturing technology which uses either X-Ray
or Ultraviolet light to fabricate in a wide range of aspect ratio. Similar to the Silicon-based technologies,
LIGA is a cost extensive technology and it has a limitation to form microscale holes. Unlike Silicon-based
technologies, LIGA is not restricted to the silicon-based material.
Furthermore, micromachining technologies including, Micro-Electrical Discharge Machine (EDM), MicroUltrasonic Machine (MUSM), and non–thermal laser micromanufacturing are novel technologies to
produce microparts [5]. Although micromachining technologies are capable of fabricating high accuracy
microparts with complex 3D shapes, the required equipment is expensive, and the material removal rate is
inadequate [1, 13]. Microforming is in the other classification of micromanufacturing which covers an
inclusive range of material with many advantages, including cost-effective equipment, high production rate
[14] which is discussed in the following sections.
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2.3. Microforming Systems
In microforming processes, only restricted grains are positioned in the forming zone subsequently, unlike
in macroscale, the material cannot be considered as a continuum. Consequently, the characteristics of a
single grain such as shape, size, orientation, and microstructure affect the mechanical behaviour,
deformability and ductility of the material in microforming processes [2, 5, 15-17]. Therefore,
microforming processes should be adapted to this new characteristic of materials to cover associated size
effects and manufacture high-quality micro products with required mechanical properties. Some substantial
factors in microforming, including tribology, springback, and scatter of the results, may not sound critical
in macroscale [17]. Correspondingly, the theories which are applicable to conventional metal forming
processes should be modified with consideration of the mentioned factors.

Figure 2.1 Microforming parameters [3]

Figure 2.1 shows that the creation of high accuracy and precise tool with the contour in microscale is
reasonably challenging. To explain more, microforming tools require two key considerations, first is the
high precision, then the material selection to extend lifecycle of the tool. Machines and equipment are the
environment of the processes both in micro and macro scale. However, reduction in the scale of
conventional machines leads to the decline in energy consumption, cost, and pollution, but the new
challenges are arisen, including handling micropart due to increased adhesion forces and measurement
systems. To address some of the challenges, automation and high-precision sensors are the suitable
strategies to increase productivity and overcome the issue [13]. Moreover, vibrate frequencies occur in
conventional machines are not acceptable in microscale due to high-precision forming process. Although
there are considerable challenges associated with equipment, addressing them could lead this technology
to a higher level of quality and productivity.
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2.4. Microforming Processes
Microforming methods are classified based on the process in which microparts are deformed. In the
following sections, the related microforming processes to this study will be explained.

2.4.1. Micro bending
Generally, bending process is the plastic deformation of a sheet metal over an axis and the V, U, and
Cylindrical shapes are the major deformations in bending processes, a schematic view of a micro-bending
process is shown in Figure 2.2 [18, 19], where rp is the punch radius, w is the blank width, wd is the die
width, tb is the thickness of the blank, and Fp is the punch force. Bending in microscale in comparison with
macroscale is restricted to the limited number of grains which are located in the forming zone.
Correspondingly, the workpiece cannot be considered as homogeneous, and grains characteristics including
shapes, sizes, and orientations affect the quality, and result in non-uniform deformation [20, 21]. In order
to improve accuracy and reduce springback, a proper bending angle, bending stroke, tool shape, punch and
die clearance, lubrication condition, and elevated temperature are required.

Figure 2.2 A schematic view of micro bending

2.4.2. MHDD
Micro-Hydromechanical Deep Drawing (MHDD) is a microforming process under hydro counter-pressure
which results in uniform deformation by improving material flow, and applicable to form high-quality
micro-cups with outstanding dimensional accuracy [22, 23]. Luo et al. [24] found that due to the uniform
deformation and homogeneous distribution of equivalent plastic strain, forming limit can be increased.
Although the MHDD process is capable of producing high-quality micro-cups, the seal of the process and
appropriate counter-pressure are the challenges that should be considered [25].

2.4.3. MDD
The MDD process is a deformation process by radially drawing a sheet metal into a die to form a cup-like
part. Moreover, symmetrical and asymmetrical features are applicable to be manufactured by this process.
MDD is a fundamental process due to its applications in the forming cup, box or any hollow shapes. Figure
2.3 (a) shows a typical deep drawing process and some of the parameters are shown in Figure 2.3 (b), where
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D0 is the initial blank diameter, DP is the punch diameter, Rd is the die radius, T is the blank thickness, c is
the punch and die clearance, RP is the punch radius, and F is the punch force.

Figure 2.3 (a) A schematic view of MDD process, and (b) process parameters [26]

The appropriate Blank Holder Force (BHF) becomes significant in MDD due to its effects on the micropart
quality in which an improper BHF leads to wrinkle and fracture. Consequently, for a given punch velocity,
an optimised BHF should be considered. Ma et al. [27] found that by increasing BHF, wrinkles at a cup
mouth decrease and the drawing force increases. However, by increasing the BHF, more than 6.4 N, the
fracture occurs which means an optimised BHF should be determined. It is critical to determine the
maximum size of the workpiece which is capable of deeply drawing without fracture. The ratio of the blank
diameter to the punch diameter is defined as DR, and the maximum possible ratio to be drawn without
fracture is named as LDR and expressed in Eq. (2-1):

𝐿𝐷𝑅 =

𝑀𝑎𝑥 𝑏𝑙𝑎𝑛𝑘 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝐷0
=
𝑃𝑢𝑛𝑐ℎ 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
𝐷𝑝

(2-1)

Li et al. [28] conducted a research to improve the LDR, and it was found that by performing the experiment
at elevated temperature drawability increases. Although it is beneficial to increase drawability and LDR by
elevating temperature, the surface oxidation might affect the quality of micropart. To explain more, Luo et
al. [29] proposed the relation between the grain size and LDR and it was found, with constant grain size,
LDR increases by increasing the thickness of the workpiece. Furthermore, with the increase of relative
punch diameter, LDR decreases which ultimately leads to inefficient MDD process.
In the MDD process, blanking is integrated with the processes to facilitate the handling challenge which is
associated with most of microforming processes. In macroscale, deformation behaviour in the blanking
process is related to the clearance of the punch and the die. While, in microscale, the grain size of specimen
plays an essential role. The blanking clearance to the grain size ratio is one of the imperative factors in
micro blanking process, in which if the ratio is equal to one, shearing strength increases and causes difficult
deformation. Figure 2.4 shows a schematic view for various grain sizes but constant clearance. When the
clearance (c) to the diameter of grain (d) ratio is more than one (c/d>1), several grains locate in deformation
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zone, and the shear stress occurs with the sliding of grain boundary and grain rotation. On the other hand,
when c/d<1, grain diameter is larger than the clearance and the ultimate shearing strength is lower than that
of the fine-grained.

Figure 2.4 Effects of various c/d ratio (1) micro punch, (2) micro die, (3) blank, (a) c/d>1, (b) c/d=1, and (c)
c/d<1

Moreover, material flow is important and the blank thickness to the grain size is used to reflect the material
flow. In microscale, the blank thickness to grain size ratio decreases, correspondingly the yield stress and
ductility decline while springback increases and affects the dimensional accuracy [30, 31].

2.5. Size Effects in Microforming
The behaviour of a micro part under metal forming processes is not predictable by the knowledge of
macroscale metal forming. Size effects are the reason to justify the irregular effects associated with forming
of microparts. Vollertsen et al. [16] defined size effects as the occurred deviations in process parameters
and mechanical properties due to the scaling down. In microscale, when parts change into microscale,
microstructures including grain size, grain boundaries and defects are kept as a constant and influence the
parameters of processes and mechanical properties [14, 32]. In addition, due to increasing the ratio of
surface to volume tribological effects significantly increase and affect the process quality and feasibility.
Chan et al. [33] investigated the scatter of the results in microforming by changing the specimen size with
a constant grain size. It was found that by decreasing specimen size, the scatter increases considerably due
to the inhomogeneous spreading of various mechanical properties. To explain more, Saotome et al. [34]
proposed size effects in the MDD process and found that the LDR decreases with the decrease in the
material size, by retaining the grain size as a constant. As a result, the characteristic of a single grain
determines further mechanical behaviour of the micropart. Additionally, coarse grains occupy notable
portion of the specimen and the mechanical properties of the blank is dominated by an individual grain.
The range of results scatter depends on the sizes, shapes, and orientations of the grains located in the
deformation zone which are extremely diverse.

2.5.1. Constitutive model
Surface layer model is a popular theory to explain flow stress trend in microforming processes as shown in
Figure 2.5. Engel and Eckstein [3] established the surface layer model and expressed a specimen is divided
into the surface and the inner layers to justify the flow stress reduction in microforming. Xu et al. [35]
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studied on flow stress and ultimate stress-strain of pure aluminium with consideration of the blank size to
grain size when the grain size is kept as a constant, and it was found that the flow stress tends to reduce by
reducing the size of the blank.

Figure 2.5 A schematic view of Surface Layer Model

According to the surface layer model dislocations move and pile up at grain boundaries. As a result, grains
located at the surface have lower flow stress [36]. Kals et al. [37] proposed the surface layer model
numerically and a quantitative fraction was suggested for the surface grain portion. Lai et al. [38]
established a model with consideration of surface layer model and the Hall-Petch relation which expresses
the relationship of the grain size on the yield stress. Chan et al. [33] proposed a model which considers the
grains heterogeneity, and Liu et al. [39] found that the grain boundary strain strengthening could be
considered based on the surface layer and the composite models. To explain more, in the constitutive model
grain and geometry size effects were considered simultaneously. The composite model establishes an
effective method to describe the relationship between the grain size and the flow stress. The composite
model is defined as:

𝜎𝑠 = ƒ𝐺𝐼 𝜎𝐺𝐼 + ƒ𝐺𝐵 𝜎𝐺𝐵

(2-2)

where 𝜎𝑠 is the polycrystalline flow stress, the volume fractions of grain interior and boundary are
represented as ƒ𝐺𝐼 and ƒ𝐺𝐵 , respectively, and 𝜎𝐺𝐼 and 𝜎𝐺𝐵 are grain interior and boundary flow stress. The
interior size (l) of grain is expressed as:

𝑙=

𝑑
2
−
𝑡
2 √3 𝐺

(2-3)

where d is the grain size and 𝑡𝐺 is the grain boundary thickness. Then the grain interior and boundary
fractions are expressed as:

ƒ𝐺𝐼 =

2
3√3 𝑑
2
( −
𝑡𝐺 )
2 2 √3

3√3 𝑑
( )
2 2

2

= (1 −

2𝑡𝐺 2
)
√3 𝑑
2

(2-4)

∙
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ƒ𝐺𝐵 =

2
3√3 𝑑 2 3√3 𝑑
2
( ) −
( −
𝑡𝐺 )
2 2
2 2 √3

3√3 𝑑
( )
2 2

2

=

4

2𝑡𝐺
1 2𝑡𝐺
(1 −
)
∙
√3 𝑑
√3 𝑑
∙

(2-5)

Therefore, by substituting the volume fractions of the grain interior and boundary into Eq. (2-2), and it is
more realistic to consider the mean values of 𝑡𝐺 and d because for various cross-sections, different volume
fractions can be assumed, thus it can be shown as:

𝜎𝑠 = 𝜎𝐺𝐼 +

8
√3

𝑡̅𝐺 (𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑̅ −1 −

16 ̅2
𝑡 (𝜎 − 𝜎𝐺𝐼 )𝑑̅ −2
3 𝐺 𝐺𝐵

𝜋
𝑑̅ = 𝑑 , 𝑡𝐺̅ = 1.57𝑡𝐺

(2-6)

(2-7)
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As the term 𝑡̅𝐺 𝑑̅−1 is almost equal to the term 2𝑡𝐺 𝑑 −1 , thus Eq. (2-6) could be simplified to:

𝜎𝑠 = 𝜎𝐺𝐼 +

16
√3

𝑡𝐺 (𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑 −1 −

64 2
𝑡 (𝜎 − 𝜎𝐺𝐼 )𝑑 −2
3 𝐺 𝐺𝐵

(2-8)

The thickness of the grain boundary depends on the grain size which can be presented by:

𝑡𝐺 = 𝑘𝑑 𝑛 (0 < 𝑛 < 1)

(2-9)

In the equation above, n and k are constant and related to the material. By substituting Eq. (2-9) into Eq.
(2-8), the resulted equation is:

𝜎𝑠 = 𝜎𝐺𝐼 +

16
√3

𝑘(𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑 𝑛−1 −

64 2
𝑘 (𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑 2𝑛−2
3

(2-10)

The above equation shows the relationship between the flow stress and the grain size, in which the flow
stress increases by decreasing the grain size due to the term 0<n<1. The term 𝑘 2 𝑑 2𝑛−2 in comparison with
𝑘𝑑 𝑛−1 is considerably small, and could be neglected, thus:

𝜎𝑠 = 𝜎𝐺𝐼 +

16
√3

𝑘(𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑 𝑛−1

(2-11)

where Eq. (2-11) tends to behave similarly to the Hall-Petch equation in the case of n= 0.5. So far, the grain
size effect is investigated. To describe the geometry size effect, the surface layer model is utilised to reflect
the flow stress reduction in microscale [40]. As it was already mentioned, in the surface layer model
workpiece is separated into inner and surface portions. Therefore, the flow stress is defined as the weighted
average of the inner and the surface portions flow stresses [41], which is expressed as:

𝜎 = 𝜂𝜎𝑖𝑛𝑛𝑒𝑟 + (1 − 𝜂)𝜎𝑠𝑢𝑟𝑓

(2-12)

where 𝜎 is the material flow stress, 𝜂 presents the inner portion fraction and called the geometry size factor
which is illustrated in Eq. (2-14). The 𝜎𝑖𝑛𝑛𝑒𝑟 and 𝜎𝑠𝑢𝑟𝑓 are inner, and surface grains flow stress respectively.
The flow stress of grains which are located at the inner portion can be expressed by Eq. (2-10). The grains
are located at the surface tend to less hardening effect due to the lack of grain boundary strengthening.
Consequently, it is possible to assume that the flow stress of the surface layer grains is approximately equal
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to the flow stress of the grain interior. Therefore, by the combination of the composite and surface layer
models, it is possible to consider the geometry size effect which is represented as:

𝜎 = 𝜎𝐺𝐼 +

16
√3

𝜂𝑘(𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑 𝑛−1 −

64 2
𝜂𝑘 (𝜎𝐺𝐵 − 𝜎𝐺𝐼 )𝑑 2𝑛−2
3

(𝐷 − 2𝑑)2
𝜋
𝐷 − 2𝑑 2
4
(
)
𝜂=
=
𝐷2
𝐷
𝜋
4

(2-13)

(2-14)

where D is the specimen diameter, and in the case of the specimen size is much bigger than the grain size,
the above equation is equal to one which means the polycrystalline form of the specimen could be
considered. In the case of rectangular cross-section, η can be calculated by equation:

𝜂=

𝑡−𝑑
𝑡

(2-15)

where the t is the width of the rectangular cross-section. Ultimately, by fitting a linear function with the
flow stress-geometry size factor and solving Eq. (2-13), the flow stress of grain interior and boundary are
achieved. Correspondingly, it can be justified that a fine-grained specimen in comparison with a coarsegrained demonstrates higher flow stress. Although, the scatter of results increases within the coarse-grained
workpiece, fine-grained metal foils tend to reproduce stable results. In addition to stress, the strain of metal
foils reduces with thickness reduction and leads to less elongation.

2.6. Size Effects Control Strategies
Strategies to control size effects contribute to facilitate microforming processes to become capable of bulk
production. Lu et al. [42] and Zheng et al. [43] established that at elevated temperatures, homogeneous
deformation is attainable due to the thermal activation which leads to trigger more slip system.
Microforming at elevated temperature is a proper strategy to mitigate inhomogeneous deformation which
is characterised by sizes, shapes and, orientations of the grains in the deformation zone [44, 45]. Jiang et
al. [46] found that coarse grain tends to be more sensitive to forming temperature, and refinement of grains
leads to more homogeneous flow and improve reproducibility of the process. Consequently, additional slip
systems activation is the result of increasing temperature which is caused to moderate the reliance on
individual grains.
On the other hand, metal forming with the heat-assisted condition could potentially develop uneven results.
In conventional metal forming almost various aspects of the heat-assisted forming has been investigated
and the further problems could be predicted and prevented, while in microscale more other issues may take
place. Aoyama et al. [47] investigated the behaviour of microparts at elevated temperature. It was found
that as the surface to volume ratio increased by miniaturisation, a lower forming temperature is possible
and the heat transfer enhanced by scaling down the micropart.
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The second strategy to control size effects is microstructural refinement, because microparts’
microstructure is the dominated reason for the inhomogeneous formability and scatter of result. As in the
microforming, the ratio of the thickness to the grain size decreases, by refinement the grain size is reduced
and led to increase the ratio and moderate the influences of the grain size effects. Rajenthirakumar et al.
[48] performed a study on grain size effects in a micro extrusion process. It was found that the grain size
influences the friction between the workpiece and the tool. The behaviour of the limited number of grains
causes non-uniform deformation. Consequently, by refinement, the number of grains at a specific thickness
is increased and ultimately reduces the effects of a single grain in deformation zone, and the anisotropic
properties moderate among the neighbour grains.

2.7. Lubrication Condition in Microscale
Tribological behaviour in metal forming significantly affects the quality of production and feasibility as the
tribology affects tool lifetime and stability of parameters. Lubrication condition, the contact pressure, and
the surface topography are changed in microscale, and affect the tribological behaviour [49, 50]. Luo et al.
[51] proposed the friction in the MDD process, and it was found that friction represents rising tendency by
decreasing the size of the specimen. Moreover, Ma et al. [27] verified previous investigations and studied
the various lubrication conditions, and it was found that the liquid lubrication affects differently from what
it was in the macroscale forming processes. Consequently, it is essential to choose a proper lubrication
strategy in the metal forming process especially in microforming.

Figure 2.6 (a) OLPs; and (b) CLPs

Figure 2.7 Portion of OLPs to CLPs by decreasing a part size
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A proper lubricant can improve surface quality, extend tool life, flowability and reduce forming load [52].
To understand the lubrication behaviour in microforming processes, the open and close lubricant pockets
theory is utilised, which a schematic view is shown in Figure 2.6. During the deformation process, the load
on the surface initially pressures surface asperity. There are two kinds of asperities, valleys which are
connected to the surface edge and unable to hold the lubricant inside. These types of asperities are called
Open Lubricant Pockets (OLPs) or dynamic lubricant pockets. OLPs are not capable of supporting and
transmitting the deformation load as they cannot keep the lubricant under a rising pressure. Unlike the
OLPs, in Closed Lubricant Pockets (CLPs), the lubricant trapped inside the valleys and there is not any
connection to the surface edge. In OLPs, forming load results in flattening of surface asperities and leads
to a higher friction. In microforming, microparts are scaled down. As a result, the deformation zone is
reduced considerably, whereas the size of surface asperities remains nearly a constant. According to Figure
2.7, the share of OLPs are increased significantly rather than CLPs which means increasing normal pressure
leads to increase the coefficient of friction and forming force.
A research was performed by Engel [53] on the friction behaviour in microscale and the results indicate
that the hydrostatic pressure which is occurred by CLPs reduces with decreasing specimen size. On the
contrary, the OLPs share increases by increasing normal pressure on the surface asperities. He performed
the research by Double Cup Extrusion (DCE) test in which it consists of two punches and the upper punch
moves toward the lower one. The mechanism is that the upper punch causes the specimen to form two cups
but with different heights. Theoretically, in the case of no friction, the heights of two cups should be the
same, while the higher friction causes less deformation of the lower cup. It is found, not only by the
reduction of scaling factor but also by decreasing specimen height with constant cross-section, the friction
increases and the CLPs decreases. To verify the model, Jahn et al. [54] proposed a study to investigate the
influence of the height reduction with keeping the diameter as a constant and the results were in accordance
with Engel’s research. Therefore, the impacts of dimension reduction on the friction behaviour should be
taken into account while it is potentially could be neglected in macroscale. As the ratio of surface to volume
in micropart increases considerably, the contact area between the tool and blank becomes significant,
consequently, the lubrication condition demands extra attention.
In MDD process, the lubrication condition impacts the process parameters such as the coefficient of friction,
surface quality, and drawing force. Both in microscale and macroscale, the coefficient of friction decreases
with increasing the quantity of lubrication. However, in microscale, the slope of reduction in coefficient of
friction is less than that in macroscale, due to overflow phenomena in microscale. Gong et al. [8] found that
in three lubrication conditions including Diamond-like Carbon (DLC), castor oil and without lubrication
condition, the DLC lubrication condition had more effective influence on the reduction of the drawing
force, as shown in Figure 2.8 the punch force at the mentioned conditions is represented. Due to the
successful results of the DLC, Gong et al. [52] performed another study on MDD process under different
lubrication conditions, and it was found that the maximum LDR and the minimum drawing force occur
with exploiting the Polyethylene (PE) film lubrication condition, and it was concluded that the PE film
could be selected as the appropriate lubricant in MDD process. Furthermore, Gong and Guo [55] proposed
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effects of different solid lubrication conditions in micro sheet forming because it was claimed that the liquid
lubricant is not wise in microforming processes.

Figure 2.8 Punch force in various lubrication conditions

Three types of solid lubricants were applied in the research including, Titanium Nitrite (TiN), DLC and
Molybdenum Disulphide (MoS2). Figure 2.9 shows the results from the ball-on-disk test that measures
tribological properties, including coefficient of friction. The average coefficient of friction for the films was
investigated, and DLC illustrated the lowest among TiN and MoS2 which was 0.17. In addition, DLC was
the steadiest even at sliding cycles over 4000 while, the TiN and MoS2 destroyed before approximately
1000 sliding cycles. It can be concluded that the DLC film illustrates better adhesion strength and
tribological property, and reduces the maximum drawing force. Similarly, Hu et al. [56] studied the effects
of different lubrication conditions in the MDD, and it was found that solid lubricants are the most effective
in which a high LDR, low drawing force and distinct surface quality are possible to obtain. While liquid
lubricants were suspected to contaminate in the micro formed parts.

Figure 2.9 Results of the Ball-on-desk tribometer

Wu et al. [57, 58] developed an advanced lubricant called TiO2 water-based nano-particle lubricant and
employed ball on desk tribometer to evaluate the performance of the lubricant. The optimum mass fraction
of the innovative lubricant was determined by two experimental methods. As the first method, the lubricant
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was applied to a very smooth surface of low carbon micro-alloyed steel as a disk and smooth surface
E52100 Cr steel as a ball. Figure 2.10 shows (a) coefficient of friction of various TiO2 mass fractions, and
(b) balls wear areas under various mass fractions.

Figure 2.10 Effects of lubrication conditions on (a) coefficient of friction, and (b) wear area

The second method was immersing the disk into the lubricant, and it was found that the lubricant reduces
the coefficient of friction by 49.5% and improves the wear resistance of the ball by 97.8%. The optimal
mass fraction of TiO2 was 0.8 wt% which the coefficient of friction was at its lowest and the wear resistance
was the best. In addition, the innovative lubricant was evaluated for hot rolling of micro-alloyed steel, and
it was found that the 4.0 wt% TiO2 illustrated the best surface finish, the lowest rolling force and the oxide
scale was the thinnest at the temperatures of 950 and 850 ◦C, while at the temperature of 1050 ◦C the
lubricants behaviour was not different considerably [59].

2.8. Composite Material
The expression composite in terms of the composite material indicates that more than one material is
combined to generate beneficial new material. One of the key features of composite materials is the
components can be identified without special equipment such as microscope [60]. Various types of
materials can be joined to form a composite material, however, the resulted composite material should be
homogenous in macroscale in the way that the components could not be distinguishable [61]. The most
important advantage of a composite material is that mechanical properties and qualities are improved in
comparison with the components that it consists of. Some of the mechanical properties of composite
materials that are enhanced, including the strength, fatigue life, stiffness, thermal conductivity, wear
resistance, and weight of them rather than the single material such as alloys and pure metals [62].
However, all of the mentioned mechanical properties above are not enhanced and optimised at the same
time for the same components, due to the possibility of conflict among some of the mechanical properties.
By consideration of the application and properties of the components separately and the composite material,
the optimisation is performed. To explain more, in some cases the required composite material should be
an excellent thermal conductor while thermal insulation could be required properties for a composite
material in some industries. Fibrous composite materials have a wide range of applications in civil
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industries due to high strength and fatigue resistance [63]. Particulate composite materials contain one or
more materials mixed in another material matrix which can be metallic or non-metallic. Most of the
application of the particulate composite material is in the automotive industry due to their flexibility to
manufacture, unique mechanical properties and capability to be produced in less than 0.25 µm [64]. The
laminated composite material consists of an assembly of layers which each layer contains high strength
metallic, ceramics or other types of matrix materials. Due to the outstanding strength, in-plane stiffness,
and thermal expansion, the laminated composite material has provided vast opportunity to manufacture
high performance and cost-effective materials in weight sensitive applications. Therefore, composite
material role in modern industries become significant as a result of their high distinction properties and
opportunities they can be provided for a wide range of applications.
A large number of studies are dedicated to the components and the microstructural diffusion reaction
between layers in a composite material due to its effects on the forming behaviour of the composite material.
In composite material, heat-treatment has a significant effect on the mechanical properties, the
microstructure and the interface between the components involved in the composite material. Yuan et al.
[65] performed research to investigate the influences of heat-treatment on the diffusion layer with
consideration of the thickness and the shape in Al-Cu composite material. It is found that by increasing
temperature and the duration of the heat-treatment, the interfacial layer extends by an exponential function
which means the atoms diffusion reaction significantly increases, as shown in Figure 2.11 the relation
between the diffusion layer thickness and the duration of heat-treatment.

Figure 2.11 The relation of diffusion layer thickness with the heat-treatment duration

Based on the studies a proper heat-treatment should be considered due to its considerable effects. This study
performed on Al-Cu composite material, due to its applications in electrical industries that can be used in
electrical conductor because of the outstanding conductivity of copper and unique aluminium properties
including lightweight, low density and cost-effectiveness. Al-Cu composite material in comparison with
the pure form of aluminium and copper has illustrated superior mechanical properties including high
thermal and electrical conductivity within low density [66], a sample of Al-Cu composite material is shown
in Figure 2.12. The key point in Al-Cu composite material is the weight of composite reduced by at least
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50 % to maximum 65 % in comparison with a copper alloy [67]. While the crucial mechanical properties,
including electrical and thermal conductivity, remain approximately constant.

Figure 2.12 Al-Cu composite material

The skin effect explains that the electrical current flow passes through the surface of the conductive
material, in which this theory could be the reason for the same electrical conductivity of the Al-Cu
composite material. In addition, in terms of strength, Al-Cu composite material, demonstrates a
meaningfully higher level of strength in comparison with Al. However, there is a minor issue concerning
shape and thickness of the interface and the diffusion layer which can affect deformation behaviour and it
could be potentially addressed by research on enhancing the reliability. Therefore, it can be claimed that
the utilisation of Al-Cu composite material is rapidly developed in different industries especially in the
electrical sector, and the improvement of the mechanical properties is the attractive field to material science
researchers.
To explain more, Kim and Hong [67] found that, the effect of increasing temperature on stress and strain
for the Al-Cu is generally increasing ductility and reducing the ultimate fracture stress which is shown in
Figure 2.13. The as-received composite material illustrated brittle behaviour before heat-treatment. A
considerable increase in strain and decrease in fracture stress occur with increasing the temperature from
200 ◦C to 300 ◦C while after 300 ◦C to 500 ◦C, the ultimate fracture stress remains approximately constant,
but the strain reduces with a steady trend.

Figure 2.13 Stress - Strain curves at different temperature
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The trends for the pure form of Al and Cu during the heat-treatment are that the stress and strain remain
approximately constant till 200 ◦C while by increasing the temperature up to 300 ◦C, significant increase in
strain and decrease in ultimate fracture stress are observed. It is possible to apply the rule of the mixture
which means in order to predict various properties of a composite material, a weighted mean could be used
according to the rule of mixtures. However, for strain, from as-received up to 500 ◦C, the gap was observed
by increasing the temperature, the difference tends to reduce and the results from the rule of mixture
increases to reach to the experimental results, but finally at 500 ◦C, the strain reduces dramatically, and the
rule of mixtures indicates higher fracture strain.

2.9. Magnesium-Lithium Alloy
Mg-Li based alloy has low density, outstanding dimensional stability, high strength, good formability and
a decent reputation in terms of energy absorption. Mg-Li alloy with 1.35 to 1.65 g/cm3 in density depends
on the percentage of containers material, is one of the lightest metallic engineering metals, and called super
lightweight engineering materials. Li is the lightest metal in which the density is approximately half of
aluminium-based alloys density. Mg-Li alloys have attracted considerable researchers and industries
recently due to its capability to be recycled.
The other property of the Mg-Li alloys is the low melting point, in the range of 190-230 ◦C, which means
less energy is required to perform hot forming process or processes which demand molten phase of the
material such as casting [11]. Therefore, the unique properties of Mg-Li alloys provide industries with
potentially promising alloys to manufacture lightweight parts and structures which are capable of surviving
adequately high loads in the extensive variety of industries including aerospace sector and automotive
industries.
Mg-Li alloys have a low density which is near the density of plastics, while their strengths are considerably
high in order to be used in a wide range of high-performance applications. Mg-Li alloys with low lithium
percentage maintain the structure of hexagonal which illustrates low formability and ductility but a
moderate strength. Although the formability and ductility could be enhanced by increasing the amount of
lithium, and it causes to transfer to the body-centred cubic shape formation [68]. Moreover, pure types of
Mg and Li are chemically active in which Li oxides at low temperatures even at room temperature.
Regenera and Tkachenko [69] performed a study on the mechanical properties of Mg-Li alloys. Two kinds
of Mg-Li alloy obtained by cold chamber high pressure die casting. The difference between two types was
Li percentage in which, the first mixture contained 9.5%, and the second mixture contained 10.7% of Li,
the microstructure of the first and second mixtures are shown in Figure 2.14 (a) and (b), respectively. It was
found that by increasing the Li content, the ductile behaviour increases. Therefore, Mg-Li based alloys
potentially can be modified according to the demand and adapted to the required mechanical properties.
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Figure 2.14 Mg-Li microstructure after etching: (a) the first mixture, and (b) the second mixture

Xu et al. [70] proposed an ultralow density Mg-Li based alloy which ductility, strength and corrosion
resistance are improved. It was found that Li-rich alloy within a body-centred cubic formation which
undergoes hot extrusion process, heating treatment, water quenching, low-temperature aging followed by
cold rolling process respectively can possibly achieve multifunctional properties, including high ductility,
considerable strength, and corrosion resistance.
The Mg-Li based alloy is not investigated extensively in microscale, and the knowledge about it is not
mature, although the demand to fabricate microparts which are made of the Mg-Li based alloy is increasing
due to its unique mechanical properties and environmental-friendly behaviour. Consequently, this research
is mainly dedicated to the Mg-Li based alloy in the MDD process under various lubrication conditions.

2.10. Simulation
The mechanism understanding of deformation processes by modelling of a process has tended to become
more important especially in the research field. Application of modelling various forming process by FEM
has experienced considerable increasing growth. Although there is a large number of investigations on
modelling and simulation of forming process in macroscale, a few numbers of studies are dedicated to the
application of FEM in microscale [71]. It is illustrated that with downscale, metal forming processes are
subjected to so-called grain size effects, which mainly affects the flow stress and friction behaviours of
material in the microforming process.
Consequently, existing knowledge of metal forming in macroscale is not capable of being applied in
microscale similarly FEM analysis is different from what it is in macroscale in which the grain size effects
are not considered in conventional FEM analysis. One of the solutions to address this challenge within the
simulation of microforming processes is, instead of conventional material models which are used in the
current FEM analysis, a detailed description of microparts’ material should be utilised in the FEM analysis.
An appropriate constitutive model should be developed in order to understand the deformation behaviour
with consideration of the grain size effect. Liu et al. [39] revealed a constitutive model by consideration of
the composite and the surface layer model in which each grain of micropart is separated into two parts
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including the grain boundary and grain interior. The model was implemented to micro upsetting and micro
tensile test to verify both simulation and experiment.
Gao and Zheng [72] investigated the flow stress of face-centred cubic metal by dividing the flow stress into
thermal and athermal components. Jiang et al. [46] developed a novel constitutive model with consideration
of temperature and grain size. The new constitutive model based on the dislocation theory, considers the
Hall-Petch relationship, surface layer model, and temperature. It was found that by the new constitutive
model, the flow stress is accurately predicted for face-centred cubic metals in the certain grain size and
temperature in microscale.
Voronoi tessellation has a wide-ranging application in material science in order to present polycrystalline
microstructures because Voronoi diagram has the unique capability to represent irregularity, shape, and
distribution [73]. Fang et al. [74] proposed grain heterogeneity modelling by Voronoi tessellation for the
microforming process. It was found that as materials cannot be assumed as homogenous due to the limited
number of grains in deformation zone, each grain’s properties can be assigned in Voronoi tessellation, a
schematic view of random grain properties assignment is shown in Figure 2.15.
Consequently, the scatter of the mechanical properties can be achieved by traditional tensile test then each
mechanical property can be assigned to each grain. In the research, steps to generate Voronoi tessellation
is explained then, modelling and experiment were performed in a micro V-bending process, and the results
of springback investigated to verify the results of the Voronoi tessellation.

Figure 2.15 Assignment of grain properties to each grain cell randomly

Wei et al. [23] proposed research on grain size effects of stainless steel SUS304-H with 50 µm in thickness
in MHDD process by utilising three FEM model including Voronoi model, non-Voronoi model, and real
microstructure model. In the research, in order to obtain stress-strain curves and then generate groups for
the further assignment, a tensile test was performed. In the Voronoi model, the generators coincide with the
mass centroids which are generally called Centroidal Voronoi Tessellation (CVT) and real grain
morphology was used to generate real microstructure model. The results of the both FEM models illustrate
local thinning near the punch nose at the bottom of the micro-cup which the experiment verified the
simulation results, the three types of simulations are shown in Figure 2.16.
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Figure 2.16 Distribution of thickness in the thinning area, (a) Voronoi model, (b) real microstructure model,
and (c) non-Voronoi model

In order to understand the mechanism of size effects in microforming processes, Jiang and Xie [75] studied
the deformation behaviour of thin strip cold rolling regarding friction variation in the deformation area. A
Voronoi tessellation model was employed to consider the grain heterogeneity for micro cross wedge rolling,
and springback along the rolling direction was investigated. Modified FEM was developed based on friction
behaviour, contact, and material characterisation. Although Voronoi tessellation has improved modelling
of forming process especially in microscale, poor quality of generated mesh can potentially cause hitches
in the explicit dynamic simulation. However, CVT enhanced the mesh quality, small facets and edges can
cause inferior mesh quality. The other disadvantage of CVT is the tessellations are approximately identical
in size and shape. Luo et al. [76] proposed the optimisation of the CVT in microforming processes. It was
found that it is possible to control the dimension and distribution of tessellations by employing a density
function and Laplacian operator. In addition, small features including small edges and facets are eliminated
which consequently lead to outstanding quality mesh generation for the optimised CVT.

2.11. Summary
In microforming processes, especially MDD process, some investigations are performed to enhance this
technology to keep up with the global miniaturisation trend. Mg-Li based alloys have been mentioned as
an alternative material in various industries due to the wide range of applications. Although Mg-Li is
popular because of unique mechanical properties including super low density, it has been investigated, and
related mechanical behaviour is yet disputed. In addition to Mg- Li based alloys, composite materials are a
novel approach in both research and industrial fields which demand the special attention. Lubrication, wear,
and friction between tools and blank are crucial in forming processes. Friction and wear reduction affect
the feasibility of processes. Therefore, in this study, the effects of various lubrication conditions will be
investigated for the Mg-Li alloy and Al-Cu composite material by experimental and simulation approaches.
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Chapter 3
Methodology of the Study
3.1. Study Statement
In this study, the behaviours of the Mg-Li alloy and Al-Cu composite material in MDD process under dry,
oil and nano-particle lubricant conditions are investigated. The experimental part of this study contains
micro-tensile test, heat-treatment procedure, and MDD process for the mentioned two types of materials
under various lubrication conditions and the shape, fundamental dimensions and surface roughness are
observed by an advanced 3D laser scanning microscope to evaluate the experimental results. In addition,
the simulation study is also conducted in order to obtain in-depth knowledge about the mechanism of the
process under the mentioned conditions. FEM is applied by ABAQUS, as one of the most potent
commercial software among Computer-aided Engineering (CAE) software, for both modelling the process
numerically and then analysis of mechanical processes. In this chapter, the methodology for experiments
and simulation will be described.

3.2. Experimental Section
The Mg-Li alloy and the Al-Cu composite material sheets are formed by the MDD machine. In order to
increase the formability and homogeneity of the produced micro-cups, heat-treatment process is held by a
tube furnace before the MDD process. The results of the experiment including the depth of the formed
micro-cups, wrinkles, and surface quality will be obtained using an advanced 3D laser scan microscope. In
the following parts, each facility is described extensively.

3.2.1. Heat-treatment furnace
The furnace type used in this study is KTL1400 tube furnace which has a precise built-in temperature
controller and high accuracy cooling rates with one-degree tolerance. The double layer housing has made
it more energy efficient, and the maximum temperature capability is 1400 ◦C which from 100 to 1300 ◦C
the heating occurs continuously while after 1300 ◦C, it might take less than one hour for the furnace to
increase the temperature. The vacuum ability provided the advantage of increasing temperature even for
highly activated materials such as Mg-Li. In addition, it is possible to anneal in the furnace under argon gas
protection. The furnace chamber is made of alumina fibre, and the heating element is made of Fe-Cr-Al
alloy. Figure 3.1 shows the picture of the KTL1400 tube furnace. It can be seen on the right side of the
furnace, a flow meter is located, and two K-type thermocouples are located on each side of the furnace. The
maximum heating rate is 20 ◦C/min which can be controlled by 40 programmable segments digital
controllers which are used to precisely control the heating and cooling rate.
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Figure 3.1 The KTL1400 tube furnaces

In this experiment, the melting point of the Mg-Li alloy is between 190 ◦C and 230 ◦C which mean the heattreatment temperature should be less than the range. In addition, based on the previous studies, the best
heat-treatment temperature for the Al-Cu composite material performed at 400 ◦C for 5 min. Consequently,
this furnace is a suitable choice to perform the heat-treatment for the mentioned materials because the aimed
temperatures in the furnace are covered, and it also has the vacuum capability.

3.2.2. Micro deep drawing machine
The MDD tests are performed by a Desktop servo-press DT-3AW machine shown in Figure 3.2. The MDD
process consists of the desktop press machine, control panel, micro drawing die set (see Figure 3.3), and
compact feeding device. The desktop press machine contains servo motor, bolster, slide, a mechanical
sensor, and photoelectric guard.

Figure 3.2 A view of the desktop servo press machine

The control box is used to set the dislocation of the punch by controlling the servo motor, and the maximum
length of traveling is 40 mm for the slides. The results from the punch force and displacement for analysing
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export to a computer by a mechanical sensor. The main parameters of the process and the machine are
sorted in Table 3.1.
Table 3.1 The key parameters of the MDD machine

Diameter of
the punch
(mm)
0.8

Diameter of

Punch fillet

Die fillet

Punch velocity

the die (mm)

radius (mm)

radius (mm)

(mm.s-1)

0.975

0.3

0.3

0.1

a

Blank diameter

1.6

b
.

.

Figure 3.3 The die set (a) upper die, and (b) lower die

3.2.3. 3D Laser scanning microscope
The microscope type is VK-X100 Laser Scanning Microscope where a non-contact surface roughness and
thickness measurements can be conducted, regardless of the surface complexity, shown in Figure 3.4. The
other ability of the microscope is capturing surface information with nanometre-level resolution. The 3D
laser scanning confocal microscope uses semiconductor or Helium-Neon gas as the light source for
inspection and confocal optical system, which is a special optical system. The microscope provides up to
28800x magnification with 0.5 nanometres measuring resolution.

b.
a.

Figure 3.4 (a) a view of the 3D Laser Scanning Confocal Microscope with control unit, and (b) main parts of
the microscope
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Adjustable height stand is provided with the ability to allow measuring at a wide range of height, and the
spacer part which is located between the base and the head improves the accuracy and the stability. The
microscope utilises two kinds of light sources including, a white light source and a laser source, which
allow users to obtain colour, laser intensity, and height to construct fully-focused colour and laser pictures
with height statistics. The obtained results from the laser are united with the results from the white light
source in order to generate a coloured picture with height statistics. In order to receive the emitted light a
Charge-coupled Device (CCD) is used, which in this new microscope once the light is at its focal point the
CCD can collect it consequently, very sharp with high-resolution images are capable of being generated.
However, the material colour is changed into the digital set of data, it is possible to observe the actual colour
of the material. Therefore, the laser scanning confocal microscope is an appropriate tool to evaluate the
quality, surface roughness and dimension of the formed micro-cups.

3.2.4. Micro tensile test
In order to obtain and reflect mechanical properties of a material in microscale with consideration of size
effects, a micro tensile test machine was utilised, shown in Figure 3.5. Traditional stain measurements are
not capable of determining elongation in microscale. Correspondingly, a non-contact strain measurement
system is required to be developed. The micro tensile test system contains a high-resolution recorder,
controller, power supplier, and mechanical clamps for tensile a sample. In order to record elongation for
further analysis, a video focusing microscope is employed, and a computer is used to control the rate of
tensile as well as recording the load from the clamps. Ultimately, by image processing module of MATLAB
strain can be measured precisely, and the results should be matched with the stress calculated from the load.

Figure 3.5 The micro tensile test system

3.3. Simulation Section
The ABAQUS software is used in this study to conduct FEM, and it has a wide range of material behaviour
modelling ability by customised programs which have made it popular among the other software. ABAQUS
has nine modules from modelling to analysing a process including, part, property, assembly, step,
interaction, load, mesh, job, and visualisation which provides a wide range of options to analyse a model.
The modelling procedure initiates from designing the model which the real dimensions and shape
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specifications are defined. Then, general, mechanical, thermal and electrical properties can be assigned to
the designed parts. The next is to assemble and organise the designed parts while the step module is used
to create the sequence of a process. Interactions among designed parts and load magnitude are defined to
determine specifications of a process. Meshing the deformable part and optimisation are the last steps before
analysis. Ultimately, the software starts analysing the designed model, and then results could be monitored
for further customised analysis.
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Chapter 4
Experiments and Results
4.1. Introduction
In this chapter, the experimental section of this study is presented for Al-Cu composite material and Mg-Li
alloy. For both materials, dry, pure oil, and 1 wt% TiO2 oil-based nano-particle lubrication conditions were
applied. In the case of Al-Cu composite material, according to previous studies, the Al-Cu composite
material which is undergone 400 ◦C for 5 min heat-treatment process illustrated outstanding drawability in
the MDD process consequently, all of the Al-Cu composite material used in this study was the same as the
mentioned heat-treated type. The Mg-Li alloy is a novel alloy in microforming process subsequently
besides utilising the as-received form, which was processed in hot rolling, heat-treatments were undertaken
to investigate effects of various heat-treatment strategies on the formability. Therefore, in this study, the
experimental section will begin with heat-treatment process followed by the MDD process under various
lubrication conditions and at the last part, the conducted tensile tests to be utilised for simulation will be
stated.

4.2. Heat-treatment Process
Heat-treatment is a process to alter mechanical properties of a material by releasing residual stress and
obtaining various grain sizes. In this study, heat-treatment process is undertaken by KTL1400 tube furnace
mentioned in the methodology chapter. Two different heat-treatments on the Mg-Li alloy were performed
under Argon (Ar) gas protection due to its low melting point. The heat-treatments were performed at 150
◦

C for 30 min and at 200 ◦C for 2 hours for Mg-Li alloy and at 400 ◦C for 5 min for Al-Cu composite

material. The heat-treatment process consists of three stages including, increasing temperature to the
required temperature, holding at a certain temperature in this case 150, 200 and 400 ◦C, and cooling
gradually to room temperature, listed in Table 4.1. The heating rate is 10 ◦C/min for the furnace.
Table 4.1 Heat-treatment information

Material

Heating temperature (◦C)

Holding time (min)

Heating rate (◦C/ min)

Mg-Li alloy

150

30

10

Mg-Li alloy

200

120

10

400

5

10

Al-Cu Composite
Material

After the heat-treatment processes, the microstructures of the blanks of Mg-Li alloy and Al-Cu composite
material were observed. Figure 4.1 shows the microstructures of the as-received and heat-treated Mg-Li
alloy by utilising scanning electron microscope, and the rolling direction was chosen for the observation.
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In Figure 4.1 (a), the white colour indicates Lithium phase, and the background which tends to be darker
contains Magnesium in the alloy. Figure 4.1 (b) shows the microstructure after heat-treatment and the grain
boundaries are slightly vague.

Figure 4.1 Microstructures of Mg-Li alloy, (a) as-received, and (b) heat-treated

In the case of Al-Cu composite material under heat-treatment at 400 ◦C for 5 min, the grains and grain
boundaries were observed along the transverse rolling direction, as shown in Figure 4.2. The average grain
sizes for Cu and Al are 100 µm and 20 µm respectively.

Figure 4.2 Microstructures of Al-Cu composite material, (a) cross-section of the blank, (b)Cu, and (c) Al

4.3. Micro Deep Drawing Process
In the following parts, the results of the MDD process for various heat-treated types of Mg-Li alloy and AlCu composite material under mentioned lubrication conditions are explained. Initially, to prepare MDD
blank, the blanking die and holder move downward by the speed of 0.1 mm/s in which the drawing die and
punch stay static. Consequently, in the first half stroke a round blank is cut and in the second half stroke
the drawing punch contacts with the blank and drawn into the die.
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As normally the MDD process is performed under dry lubrication condition and utilisation of the nanoparticle lubricant is a novel approach in microforming, correspondingly in this study, drawing force-stroke
trend, maximum force, last stroke force and the shape of formed cups will be compared against the
commonly used conditions, including dry and oil lubrication conditions. The discussion about the
experimental and simulation results will be given in the discussion chapter.

4.4. As-received Mg-Li Alloy
In this case, the MDD process was conducted for as-received hot rolled Mg-Li alloy under dry, oil and TiO2
oil-based nano-particle lubrication conditions. Although in recent studies it is stated that the frictional size
effects affect the efficiency of liquid lubricants, the oil lubricant was exploited as a benchmark to compare
the novel lubricant efficiency against it. In comparison with the oil, the nano-particle lubricant has a higher
viscosity that can be effective to moderate friction size effects, consequently the nano-particle lubricant is
expected to illustrate outstanding performance in the experiments. The dimensions were measured by the
laser intensity images from the 3D laser scanning confocal microscope due to the ability to provide a strong
contrast between a part and background. Moreover, to measure the thickness of the cup mouth, the wrinkled
region was avoided. The formed cups under the nano-particle lubrication conditions are illustrated in
Figures 4.3 and 4.4 due to their better quality in comparison with the other lubrication conditions. As it can
be seen in the figure, relatively considerable earrings occurred at the mouth due to the anisotropic property
of Mg-Li alloy, and it means the deformation is affected by directionally depended properties.

Figure 4.3 As-received Mg-Li alloy formed cup wall under the nano-particle lubrication condition

The height-coloured image indicates the blank deformed almost uniformly along the mouth to the bottom.
While still in some parts the wrinkles moved from the upper section of the wall toward the bottom of the
cups which can be regarded as undesirable considering the cup quality. Wrinkles are defects that occur in
the flange or wall of the cup due to the tangential compressive and radial drawing stresses which could be
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generated in both micro and macroscale deep drawing process. In addition to the effective factors in
macroscale, such as the blank holder pressure, friction, drawing speed and clearance among blank, blank
holder, die and punch, the grain size is also counted as a crucial factor. Consequently, to evaluate the quality
of formed cups, terms of the maximum distance and minimum distance are defined as the distance between
the outer diameter and minimum inner diameter and the distance between the outer diameter and maximum
inner diameter respectively which the concept is shown in Figure 4.5 schematically.

Figure 4.4 As-received Mg-Li formed cup mouth under the nano-particle lubrication condition

Therefore, the relative differences between the maximum and the minimum distance are utilised to judge
occurred wrinkles which can be expressed as Eq. (4.1). In addition to the wrinkles, earring is another
parameter to evaluate the formed cup quality which they are uneven projection and wavy uneven wall at
mouth region due to anisotropy. Eq. (4.2) expresses the formula to judge the earrings occurred in during
the process.
𝑊𝑟𝑖𝑛𝑘𝑙𝑒𝑠 (%) =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 − 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
× 100
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐸𝑎𝑟𝑟𝑖𝑛𝑔𝑠 (%) =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 ℎ𝑒𝑖𝑔ℎ𝑡 − 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 ℎ𝑒𝑖𝑔ℎ𝑡
× 100
𝐴𝑣𝑒. ℎ𝑒𝑖𝑔ℎ𝑡

(4.16)

(4.2)

Consequently, the key dimensions, earrings and wrinkling measurement of the as-received Mg-Li alloy
under the mentioned lubrication conditions are averaged and listed in Table 4.2. Based on the
measurements, the shape accuracy remained almost the same, while the edges of the cup were more uniform
than the cups formed under the dry lubrication condition due to the effects of the oil lubrication condition
on the flowability of the blank.

29

Figure 4.5 A schematic view of maximum and minimum distances in wrinkles formula [29]

Although wrinkles and earrings are mostly grain related defects, it is possible to mitigate a part of the
defects by improving the material flowability. The relative differences between the maximum and minimum
distances based on Eq. (4.1) is utilised to judge occurred wrinkles, and Eq. (4.2) is utilised to judge earring
of the formed cups. The nano-particle lubricant can improve the flowability of the blank as a result the
wrinkles tend to be reduced in comparison with dry and oil lubrication conditions.
Table 4.2 Wrinkles measurement in the case of as-received Mg-Li alloy

Lubrication

Height

Condition

(µm)

Outer
Diameter
(µm)

Max

Min

Inner

Inner

Diameter

Diameter

(µm)

(µm)

Max

Min

Ave.

Distance

Distance

Thickness

(µm)

(µm)

(µm)

Earrings

Wrinkles

(%)

(%)

Dry

726.35

978.88

887.48

816.84

81.02

45.70

63.36

21.88

43.59

Oil

714.88

982.16

888.24

824.16

79

46.96

62.98

21.48

40.55

719.73

985.20

885.28

811.44

86.88

49.96

68.42

21.50

42.49

Nanoparticle

For each condition, 5 experiments have been conducted and the average drawing force was plotted. In this
case, the drawing force for as-received Mg-Li alloys under the mentioned lubrication conditions is shown
in Figure 4.6. The increasing trend refers to the bend resistant of the blank which causes a rather fast
growing of the drawing force. In this while, the friction force is increased as the contact area between the
die and blank surface increases. In the case of oil lubrication condition, the maximum force was reduced in
comparison with the dry lubrication condition although the reduction was not significant due to the open
and closed lubricant pocket frictional size effects. The oil lubricant viscosity is not sufficient to remain at
the blank surface during the deformation, consequently the lubricant overflow is the dominant phenomena.
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Drawing Force (N)

18
16

As-received Mg-Li under dry
(Experimental)

14

As-received Mg-Li under oil
(Experimental)

12

As-received Mg-Li under TiO2
oil-based nano-additive

10
8
6
4
2
0
0

0.1

0.2

0.3

0.4

0.5

0.6 0.7 0.8
Stroke (mm)

0.9

1

1.1

1.2

1.3

1.4

Figure 4.6 The comparison of drawing force for as-received Mg-Li blank under three lubrication conditions

In this case, the standard deviations tend to decrease in comparison with the previous lubrication conditions.
The nano-particle lubricant illustrates higher efficiency due to the higher viscosity and the nano-particle
which can trap oil inside the surface asperities which can be resulted in the less overflow and mitigate the
open and closed lubricant pockets.
Moreover, the arithmetical mean surface roughness was measured before and after the MDD process to
evaluate the formed cup surface quality. In order to judge effects of different lubrication conditions
accurately, the blank of various heat-treated types was the same in each lubrication conditions and all were
50 µm in thickness. A 3D diagram of a surface is a height-colour map which provides the surface
characteristics of surface roughness. Figure 4.7 shows the 3D surface morphology of as-received blank and
formed cup wall under the nano-particle lubrication condition. The 3D surface morphology illustrates a
smoother surface profile after the MDD process under the nano-particle lubricant in comparison with the
oil and dry lubrication conditions.
The average Ra is compared in Table 4.3, and it is expressed that the surface roughness increases after the
MDD process in all conditions. The trapped nano-particles inside asperities can take more oil inside valleys
consequently the lubricant can perform more effective and the surface quality can be improved
considerably. Figure 4.8 shows the increasing trend of the surface roughness before and after MDD process
with consideration of standard deviation. Not only the mean surface roughness has been improved, but the
standard deviation is also reduced in the case of nano-particle lubricant which indicates the surface is more
homogenous.
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Figure 4.7 The 3D surface morphology of (a) formed cup wall under the nano-particle lubricant, and (b) asreceived blank

1
Table 4.3 The average Ra measurement in the
case of as-received Mg-Li alloy

Ra before

Ra after

Condition

MDD (µm)

MDD (µm)

Dry

0.13

0.56

Oil

0.13

0.52

0.13

0.49

Nanoparticle

Ra (µm)

Lubrication

0.8
0.6
0.4
0.2
Dry

Oil

TiO2 Oil-based
nano-additive

Figure 4.8 The comparison between formed cup wall surface
roughness of as-received Mg-Li alloy

4.5. Heat-treated at 150 ◦C for 30 min Mg-Li Alloy
In this case, the MDD process was conducted for heat-treated at 150 ◦C for 30 min Mg-Li alloy under the
mentioned lubrication conditions. The formed cups under the TiO2 oil-based nano-particle lubrication
condition are illustrated in Figures 4.9 and 4.10, as the formed cup was distinction among the other
lubrication conditions. Although the open and closed lubricant pockets frictional size effects are significant
in microforming processes, a few improvements occurred in terms of flowability by exploiting the nanoparticle lubricant and considering the cup mouth, wrinkles are improved in comparison with the dry
lubrication condition. However, still they are not omitted entirely. The earrings are strictly related with the
anisotropic properties of the alloy and they are remaining similar to the previous experiment. The low
melting point of the alloy restricts the heat-treatment to be performed at high temperatures otherwise the
shape of blank would be affected. Correspondingly, mechanical properties of the grains were not capable
of altering significantly.
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Figure 4.9 Heat-treated at 150 ◦C for 30 min Mg-Li alloy cup wall under 1 wt% TiO2 oil-based nano-particle
lubrication condition

Figure 4.10 Heat-treated at 150 ◦C for 30 min Mg-Li alloy cup mouth under 1 wt% TiO2 oil-based nanoparticle lubrication condition

After heat-treatment at the mentioned conditions and altering the grains property, the formed micro-cups
shape was not improved considerably. In some cases, the wrinkles reduced, however the earrings had
different behaviour. The earrings remaind the same as the previous experimental results, and it is reasonable
because the defect is strictly related to the alloy anistropic properties. The relative differences between the
maximum and minimum distance based on Eq. (4.1) is utilised to judge the occurred wrinkles and the peak
and valley values are exploited based on Eq. (4.2) to evaluate earrings which are shown in Table 4.4. The
outer and inner diameter remained almost the same as cup made by as-received blank and the height of the
cup did not follow a specific trend.
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Table 4.4 Wrinkles measurement in the case of heat-treated at 150 ◦C for 30 min Mg-Li alloy

Lubrication

Height

Condition

(µm)

Outer
Diameter
(µm)

Max

Min

Inner

Inner

Diameter

Diameter

(µm)

(µm)

Max

Min

Ave.

Distance

Distance

Thickness

(µm)

(µm)

(µm)

Earrings

Wrinkles

(%)

(%)

Dry

723.06

986.36

889.40

820.02

83.17

48.48

65.82

22.74

41.70

Oil

724.69

978.20

875.94

797.78

90.21

51.12

70.66

21.66

38.15

722.44

985.02

888.70

818.22

83.40

48.16

65.78

21.29

42.25

Nanoparticle

The average drawing force for each stroke in the case of heat-treated at 150 ◦C for 30 min Mg-Li alloy
under various lubrication conditions is shown in Figure 4.11, and the error bar was plotted based on the
variances of drawing force of the 5 experiments. The drawing force is increased in comparison with the asreceived blank which can be justified by two reasons, during heat-treatment the grains might be refined and
resulted in the increased the bending resistance, and the mean surface roughness indicates an increase which
causes an increase in drawing force. Surface asperities play a considerable role during deformation in
microscale which can be regarded as a part of the geometrical shape and the thickness of the blank. By
considering the reduction of standard deviation in comparison with the as-received blank, grain refinement
is more dominant. By utilising the nano-particle lubricant, the maximum force is diminished in comparison
with dry and oil lubrication condition. As the blank is similar, the bending force should be approximately
the same as the previous experiments, while the decline in the maximum force occurred due to the reduction
in friction force. It is also obvious from the reduction in the last stroke force, as the last stroke force is
commanded by the friction force between the formed wall and the die. The trapped oil in the blank asperities
by nano-particle affects the friction force significantly which is resulted from the reduction of the maximum
and last stroke force.
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Figure 4.11 The comparison of drawing force for heat-treated Mg-Li at 150 ◦C for 30 min under three
lubrication conditions
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The 3D surface morphology before and after the MDD process are shown in Figure 4.12. The surface profile
before the MDD process is not as smooth as the as-received blank that might be resulted from the poor
surface profile after the MDD process. By exploiting the nano-particle lubricant, the surface profile exposes
a substantially smooth surface which can be justified by the high viscosity of the nano-particle lubricant
that contributes to retaining the lubricant on the surface during the deformation. The comparison between
the surface roughness of the blank and the formed cup wall is presented in Table 4.5, and Figure 4.13 shows
the value of the surface roughness under various lubrication conditions. The plotted error bar indicates very
uneven surface which can be explained that the formed cups from the heat-treated blank have insufficient
surface quality in comparison with the as-received micro-cups.

Figure 4.12 The 3D surface morphology of (a) formed cup wall under the nano-particle lubricant, and (b)
heat-treated at 150 ◦C for 30 min Mg-Li alloy blank

1.2
Table 4.5 The average Ra value in the case of
heat-treated at 150 ◦C for 30 min Mg-Li alloy

Ra before

Ra after

Condition

MDD (µm)

MDD (µm)

0.19

0.77

0.19

0.63

Dry
Oil
Nanoparticle

Ra (µm)

0.8
Lubrication

0.4

0
Dry

0.19

0.62

Oil

TiO2 oil-based
nano-additive

Figure 4.13 The comparison between formed cup wall surface
roughness of heat-treated at 150 ◦C for 5 min Mg-Li alloy

4.6. Heat-treated at 200 ◦C for 2 hours Mg-Li Alloy
In this case, the heat-treated at 200 ◦C for 2 hours Mg-Li alloy blank was drawn under dry, oil and 1 wt%
TiO2 oil-based nano-particle lubrication conditions. The blank used for the following experiments remained
the same to ensure the consistency of the results. The formed cups wall and mouth under the nano-particle
lubricant are shown in Figures 4.14 and 4.15 respectively. The formed cups wall tends to expose uneven
height distribution in comparison with the as-received and heat-treated at 150 ◦C for 30 min which crucially
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affects the formed cup quality. Concerning the dimension, the values persisted almost alike the previous
conditions, however, small tolerances are expected due to the size effects and inhomogeneous grain
deformability. Furthermore, to measure the thickness of the cup mouth, the wrinkled region was avoided.
By comparing the height-colour image with the cup made under dry and oil lubrication condition, the cup
wall surface is smoother than that under the previous condition, which could be prompted by utilising the
nano-particle lubrication condition. Furthermore, to measure the thickness of the cup mouth, the wrinkled
region was avoided.

Figure 4.14 Heat-treated at 200 ◦C for 2 hours Mg-Li alloy cup wall under 1 wt% TiO2 oil-based nano-particle
lubrication condition

Figure 4.15 Heat-treated at 200 ◦C for 2 hours Mg-Li alloy cup mouth under 1 wt% TiO2 oil-based nanoparticle lubrication condition
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Based on the formed cup’s mouth, irregular deformations occurred, for instance, the wrinkles mature
severely. It can be presumed that the heat-treatment alters the grains properties and size because the uneven
deformation could be possibly induced by coarse grains. The cups quality evaluation regarding the wrinkles
of the formed cup mouth was accomplished by substitution of the relative differences between the
maximum and minimum distances in Eq. (4.1) and the earrings are judged by Eq. (4.2) which are presented
in Table 4.6. Although the nano-particle lubricant positively affects the blank flowability and reduces the
excessive wrinkles in the dry and oil lubrication condition, concerning the earrings, the reduction was not
considerable as it is a grain related defect.
Table 4.6 Wrinkles measurement in the case of heat-treated at 200 ◦C for 2 hours Mg-Li alloy

Lubrication

Height

Condition

(µm)

Outer
Diameter
(µm)

Max

Min

Inner

Inner

Diameter

Diameter

(µm)

(µm)

Max

Min

Ave.

Distance

Distance

Thickness

(µm)

(µm)

(µm)

Earrings

Wrinkles

(%)

(%)

Dry

709.41

987.14

902.84

820.28

83.43

42.15

62.79

24.11

49.47

Oil

701.62

985.85

888.26

813.22

86.32

48.80

67.56

24.06

43.46

708.06

984.64

889.96

820.24

82.20

47.34

64.77

22.61

42.40

Nanoparticle

The average drawing force for the heat-treated at 200 ◦C for 2 hours Mg-Li alloy blank under dry lubrication
condition is illustrated in Figure 4.16, and the error bars were plotted based on the standard deviations of
drawing force in the experiments.
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Figure 4.16 The comparison of drawing force for heat-treated Mg-Li at 200 ◦C for 2 hours under three
lubrication conditions

The maximum force is diminished in comparison with the as-received and heat-treated at 150 ◦C for 30 min
blank which indicates the strength and flow stress are decreased after the mentioned heat-treatment.
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Correspondingly, the assumption of coarse grains that stated before is supported when the drawing force is
plotted. The trapped oil inside asperities by utilising the nano-particles contributes to reduce the maximum
and last stroke drawing force. The frictional size effects can be moderated by the innovative nano-particle
lubricant. While in oil lubrication condition, based on the open and closed lubricant pockets, the increase
of open to closed lubricant pocket ratio affects the efficiency of lubrication conditions consequently,
overflow is the dominant phenomena.
The 3D surface morphology before and after MDD process under nano-particle lubricant is shown in Figure
4.17. The 3D diagram of the surface profile presents the surface of the heat-treated blank is rougher than
the as-received blank which could be induced by undesirable effects of heat-treatment. As a result, the
formed cup affects from the initial blank surface quality and in this case caused to cups with uneven surface.
The comparison between the surface roughness of the formed cups wall is presented in Table 4.7 and Figure
4.18. The surface roughness decreased drastically in the case of nano-particle lubricant because the nanoparticles avoid the oil to be squeezed out of the blank surface and cause a better surface quality in
comparison with the oil lubricant.

Figure 4.17 The 3D surface morphology of (a) formed cup wall under the nano-particle lubrication condition,
and (b) heat-treated at 200 ◦C for 2 hours Mg-Li alloy blank

Table 4.7 The average Ra value in the case of

1.2

Ra before

Ra after

MDD

MDD

(µm)

(µm)

Dry

0.17

0.75

Oil

0.17

0.65

Nano-particle

0.17

0.62

Lubrication
Condition

Ra (µm)

heat-treated at 200 ◦C for 2 hours Mg-Li alloy

0.8

0.4

0
Dry

Oil

TiO2 oil-based
nano-additve

Figure 4.18 The comparison between formed cup wall surface
roughness of heat-treated at 150 ◦C for 5 min Mg-Li alloy
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4.7. Heat-treated at 400 ◦C for 5 min Al-Cu Composite Material
In this case, the heat-treated Al-Cu composite material was drawn under various lubrication conditions.
The formed cups under the nano-particle are illustrated in Figures 4.19 and 4.20 due to the increased
drawability of the material. The drawability increased by utilising oil lubrication condition, although the
number of failures was risen as well due to the size effects of limited grains and their unique mechanical
properties, the fundamental dimensions are listed in Table 4.8. In the case of Al-Cu composite material,
due to low drawability of Al-Cu composite material, the blank cannot be fully drawn into the die, as a result,
there is only one diameter at the cup mouth which is normally without wrinkles. In addition, due to the
large cup diameter, the 3D scanning microscope is not applicable to be utilised. It is obvious that when the
blank is not capable to be fully drawn, the earrings are not formed.

Figure 4.19 Heat-treated at 400 ◦C for 5 min Al-Cu composite material cup wall under 1 wt% TiO2 oil-based
nano-particle lubrication condition

Figure 4.20 Heat-treated at 400 ◦C for 5 min Al-Cu composite material cup mouth under 1 wt% TiO2 oil-based
nano-particle lubrication condition

The results indicate the height can be increased by 16.50 % and 39.54 under oil and TiO2 oil-based nanoparticle lubrication conditions respectively. It can be concluded that the drawability increases significantly
by utilising the mentioned lubrication conditions due to the improved flowability. As it was expected, the
nano-particle lubricant illustrates better performance due to its unique mechanism. However, by
improvement of the nano-particle lubricant, it is possible to fully form the cups made of the Al-Cu
composite material. It is obvious by increasing the depth of the cups, the mouth diameter decreases.
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Table 4.8 The fundamental dimensions of form cups made of Al-Cu composite material

Lubrication condition

Height (µm)

Mouth (µm)

Dry

452.40

1460.62

Oil

527.07

1354.50

Nano-particle

631.28

1212.06

The average drawing force for heat-treated at 400 ◦C for 5 min Al-Cu composite material under various
lubrication conditions is shown in Figure 4.21, and the error bar was plotted based on the variances of
drawing force of the 5 experiments. As the blank is not capable of drawing completely into the die, the
declining trend after the maximum drawing force can be generated. In this case, the stroke remained the
same in all experiments to provide a better comparison between dry, oil, and nano-particle lubrication
conditions. The drawing force reduces by utilising the nano-particle lubricant significantly in comparison
with the oil lubrication condition. As the material remained the same, the bending resistance is just similar
to the previous cases, while the reduction in friction force can be mentioned as the reason for the reduction
in the total drawing force.
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Figure 4.21 The comparison of drawing force for Al-Cu composite material under three lubrication conditions

The 3D surface morphology before and after the MDD process for nano-particle lubrication case are shown
in Figure 4.22. The 3D scanning of the surface profile indicates the surface became rough after the MDD
process. The comparison between the surface roughness of the blank and the formed cup wall is presented
in Table 4.9. Figure 4.23 shows the trend of the surface roughness by utilising the mentioned lubrication
conditions. In the case of oil lubrication condition, the mean surface roughness was reduced in comparison
with the dry lubrication condition and it can be concluded that the oil lubrication condition positively affects
the surface roughness in the MDD process. While, the mean surface roughness of the formed cup under
nano-particle lubrication condition considerably reduced in comparison with the dry lubrication condition
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by almost 50% which indicates the high performance of the innovative lubricant to form micro-cups with
high surface quality.

Figure 4.22 The 3D surface morphology (a) formed cup wall under the nano-particle lubrication condition,
and (b) heat-treated at 400 ◦C for 5 min Al-Cu composite material

1.5
Table 4.9 The average Ra measurement in
the case of Al-Cu composite material

Ra after

MDD

MDD

(µm)

(µm)

Dry

0.14

1.21

Oil

0.14

0.89

Nano-particle

0.14

0.56

Lubrication
Condition

Ra (µm)

1
Ra before

0.5

0
Dry

Oil

TiO2 oil-based
nano-additive

Figure 4.23 The comparison between formed cup wall
surface roughness of heat-treated Al-Cu composite
material

Therefore, in the aforementioned experiments, the behaviour of various types of Mg-Li alloy blank and AlCu composite material was investigated under dry, oil, and 1 wt% TiO2 oil-based nano-particle lubrication
conditions. The maximum drawing force diminished significantly due to the reduction in friction force and
to verify it, the last stroke drawing force was also determined due to the fact that the drawing force at the
last stroke is dominated by friction force. Both the maximum and last stroke drawing force reduced under
the nano-particle lubrication condition. However, the major defects, including wrinkles and earrings
slightly moderated by improvement of the blanks flowability, the mentioned defects are grain-related origin
consequently, further investigations are required to improve anisotropic properties of the materials.

4.8. Tensile Test
In this section, the tensile tests for different forms of Mg-Li alloy will be explained. As it was mentioned,
three types of Mg-Li alloy were utilised during MDD process, including, as-received, heat-treated at 150
◦

C for 30 min, and heat-treated at 200 ◦C for 2 hours. Consequently, when the simulation is run three
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different types of mechanical properties are required. The very first step to perform tensile tests is preparing
the sample, which should be done according to standards. However, the standards are designed for
macroscale testing. Therefore, as an approach, the micro tensile test sample was designed based on the
macroscale sample, but the dimensions were reduced by a scale factor. Figure 4.24 illustrates the
dimensions of the micro tensile test sample.

Figure 4.24 The micro tensile test sample size (units in mm)

After sample preparation, the mentioned heat-treatments were performed on the samples. As the sample is
small, the prevalent strain measurement instruments are not capable of measuring elongation. Therefore, a
high accuracy non-contact strain measurement system based on the MATLAB image processing tool was
employed. As it is shown in Figure 4.25, initially the gage was marked to provide a sharp contrast for further
image processing.

Figure 4.25 The marked gage on the sample

Then, in order to record the gauge dimension variation during the test, a high-resolution video was taken
by a microscope. Finally, MATLAB separates the video frames into images and processed them to the grey
level for converting into binary images. The rusty parts of the clamps were covered to enhance the contrast.
Correspondingly, by the sharp contrast, boundaries of the gauge can be determined more precisely. The
length of the gauge along the tensile sample measured based on the boundaries. The length changes in each
frame indicate the strain during the tensile test. Simultaneously, a force sensor records the force by Lorenz
program. The video was 15 frames per second and the force recorded as 50 points per second. Therefore,
by matching the video frames and the force points, both true and engineering stress-strain curves can be
acquired. The true stress-strain curve for as-received Mg-Li alloy is shown in Figure 4.26. The mechanical
properties for the sample are listed in Table 4.10.
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Figure 4.26 The true stress-strain curve of as-received Mg-Li alloy
Table 4.10 The mechanical properties of as-received Mg-Li alloy

Material

Density (g/m3)

As-received Mg-Li

1.60

Young’s

Yield Stress

Modulus (MPa)

(MPa)

17472.71

175.93

Poisson’s Ratio
0.29

The as-received Mg-Li alloy blank was processed by hot rolling, and the elongated grains are the dominant
shape of microstructure which is expected to show a relatively high strength. However, the grey surface of
the blank indicates an oxide layer above the alloy surface. The true stress-strain curve for heat-treated MgLi at 150 ◦C for 30 min is shown in Figure 4.27. The mechanical properties for the sample are listed in
Table 4.11 which can be seen Young’s Modulus is decreased in comparison with the as-received form and
indicates the recrystallisation process is initiated but the slight reduction can be justified by the short heat-
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treatment process and insufficient temperature of the furnace.
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Figure 4.27 The true stress-strain curve of heat-treated Mg-Li alloy at 150 ◦C for 30 min
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Table 4.11 The mechanical properties of heat-treated Mg-Li alloy at 150 ◦C for 30 min

Density (g/m3)

Material
Heat-treated at 150
◦

C for 30 min Mg-Li

1.60

Young’s Modulus

Yield Stress

(MPa)

(MPa)

14510.55

183.82

Poisson’s Ratio

0.29

The true stress-strain curve for heat-treated Mg-Li at 200 ◦C for 2 hours is shown in Figure 4.28. The
mechanical properties for the sample are listed in Table 4.12. The Young’s Modulus and the yield stress
are decreased after the heat-treatment in comparison with the as-received and heat-treated at 150 ◦C for 30
min blank. It can be concluded that as the temperature was above recrystallisation temperature and the
duration was relatively long, correspondingly coarse grains were generated and resulted in notably altering
the mechanical properties in which the low strength, Young’s Modulus, and yield stress were induced.
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Figure 4.28 The true stress-strain curve of heat-treated Mg-Li alloy at 200 ◦C for 2 hours

According to the results, the maximum force was the lowest among the others that supports this assumption
which the heat-treatment caused the recrystallisation process and generating coarse grains.
Table 4.12 The mechanical properties of heat-treated Mg-Li alloy at 200 ◦C for 2 hours

Material
Heat-treated at 150 ◦C
for 30 min Mg-Li

Density (g/m3)

1.60

Young’s

Yield Stress

Modulus (MPa)

(MPa)

10981.65

115.92

Poisson’s Ratio

0.29

To conclude, the comparison of the true stress-strain curves for the three types of the Mg-Li alloy is
illustrated in Figure 4.29. The as-received sample showed more strength while the heat-treated at 200 ◦C
for 2 hours sample is the easiest one to deform due to the low Young’ Modulus and yield stress. The elastic
region for the heat-treated at 200 ◦C for 2 hours sample is relatively small consequently the plastic
deformation occurs at a lower force in comparison with the others. To compare as-received and heat-treated
at 150 ◦C for 30 min, by increasing the stress, for as-received sample, the strain is smaller than the heat-
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treated at 150 ◦C for 30 min, while by reaching to yield point, the heat-treated at 150 ◦C for 30 min illustrates
more elastic deformation and more stress are required to deform plastically.
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Figure 4.29 The comparison between the true stress-strain curves for the three types of the Mg-Li alloy

4.9. Summary
In this chapter, the various heat-treatment strategies were proposed which conducted on the Mg-Li alloy
blanks due to the novelty of the material while, for Al-Cu composite material the most ductile form, heattreated at 400 ◦C for 5 min was utilised. The MDD process was performed for the mentioned types of
materials under dry, oil, and TiO2 oil-based nano-particle lubricant. The drawing force, shape and surface
quality of the formed cups were investigated, and it was concluded that the nano-particle lubricant illustrates
outstanding performance in the experiments in comparison with the dry and oil lubrication conditions. The
oil lubrication condition strictly follows the open and closed lubricant pockets while the innovative nanoparticle lubricant can moderate the frictional size effects.
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Chapter 5
Simulation and Results
5.1. Introduction
In addition to the experiments, simulations were performed to compare the performance of the process and
the formed cups in reality and software. The Finite Element Method (FEM) is the popular numerical method
to solve engineering models by subdividing a problem into simple smaller parts which are named as finite
elements. A simulation consists of three stages including, pre-processing, processing, and post-processing.
In the pre-processing stage, a model of the process is generated as an input which is possible to be built by
any Computer-aided Design (CAD) software. In the processing stage, the FEM analysis is conducted by
Computer-aided Engineering (CAE) software, and in the post-processing stage, results of the analysis are
generated as reports, curves or other types of outputs. ABAQUS is one of the most popular software which
uses FEM to simulate engineering processes and is capable of the pre-processing stage by a wide range of
options to generate a model and large variety of options to plot curves and reports as the post-processing
stage. Therefore, in this study, ABAQUS is applied for pre-processing, processing, and post-processing
stages.

5.2. Pre-processing Stage
In the pre-processing stage, the model is designed which in this case the MDD process principle parts are
built including, punch, die, blank holder, and blank. In Figure 5.1, a schematic view of the model is shown
with the dimensions based on the real MDD process.

Figure 5.1 The schematic view of MDD with real dimensions

The part module is used to design parts, in which at the beginning the type of parts to be designed is
determined which for all parts except the blank, rigid body is chosen because the only deformable part is
the blank. As mentioned in the schematic view of the process, the punch radius is 0.4 mm and 0.3 mm in
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fillet radius, and the height should be considered to support wall of formed cups. The created model of the
punch is shown in Figure 5.2.

Figure 5.2 The model of the punch

Similar to the punch, the die is built as the rigid based on the real dimension. The die radius is 0.475 mm,
the fillet radius is 0.3 mm, and the depth is considered to support the blank at the ultimate displacement of
the punch. The least value of the outer diameter of the die is equal to the blank to hold it at the beginning
of the process, the model of the die is shown in Figure 5.3.

Figure 5.3 Model of the die

The blank holder is modelled based on the schematic view of the MDD process, and its type is rigid. The
inner diameter is the same as the die diameter which is 0.95 mm, and the outer diameter should be at least
the same as the blank diameter because if the diameter is less than the blank diameter, it will affect the
friction between the blank and holder, the blank holder model is presented in Figure 5.4.
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Figure 5.4 Model of the blank holder

The blank holder, punch, and die are parts of the MDD machine. Consequently, they are the same for all
experiments in this study. The blank material is variable, including the Al-Cu composite material and
various types of the Mg-Li alloy. The Al-Cu composite material consists of two layers while the blank
which is made of Mg-Li is one layer. Therefore, the blank of Al-Cu composite material varies from the
Mg-Li alloy. For the Mg-Li blank, a deformable part is defined with 0.8 mm in radius and 0.05 mm in
thickness. A quarter of the blank is created to save the calculation time and simplify the analysis. The
created model of the Mg-Li alloy blank is shown in Figure 5.5.

Figure 5.5 Model of a quarter of blank

The Al-Cu composite material model consists of two layers according to the reality. The thickness of the
blank is 0.05 mm in which 0.01 mm is Cu layer portion, the 0.04 mm is Al layer portion, and the radius of
the blank is similar to the Mg-Li blank model, the created model is shown in Figure 5.6.
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Figure 5.6 Model of Al-Cu composite material blank

Once the model is designed, material properties are required to be defined. The property module is used to
create various properties and assign them to the deformable parts as sections. This module provides a wide
range of properties. The main categories of the properties are general, mechanical thermal, electrical, and
other such as mass diffusion. In the general menu, the density of a material is entered, and in the mechanical
menu, elastic properties including Young’s Modulus and Poisson’s Ratio are defined. Moreover, the plastic
behaviour is entered in the mechanical menu, by the yield stress and plastic strain. Therefore, for the MDD
process, as the blanks are the deformable parts of the process, the behaviour is required to be defined by
mechanical properties.
In this study, there are two kinds of materials, in which the Al-Cu composite material is a laminar composite
consisting of one layer of aluminium and one layer of copper which are considered as two sections. The
general and mechanical properties of the Al layer and the Cu layer are listed in Tables 5.1 and 5.2,
respectively.
Table 5.1 Mechanical properties of Al layer

Density (g/m3)

2.7

Young’s Modulus
(GPa)

79.3

Poisson’s Ratio

0.3

Yield Stress
(MPa)

136

Plastic Strain

0.088

Table 5.2 Mechanical properties of Cu layer

Density (g/m3)

8.9

Young’s Modulus
(GPa)

110

Poisson’s Ratio

0.33

Yield Stress
(MPa)

210

Plastic Strain

0.15

Whereas the Mg-Li alloy is one homogenous layer consequently, the designed blank is considered as one
section, and the properties are assigned to the section. The properties of the Mg-Li alloys are listed in Table
5.3.
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Table 5.3 Properties of Mg-Li alloy

Young’s Modulus

Yield Stress

(MPa)

(MPa)

1.60

17472.71

175.93

0.29

1.60

14510.55

183.82

0.29

1.60

10981.65

115.92

0.29

Material

Density (g/m3)

As-received Mg-Li
Heat-treated at 150
◦

C for 30 min Mg-Li
Heat-treated at 200
◦

C for 2 hrs. Mg-Li

Poisson’s Ratio

Insofar, the model is designed, and the related properties are defined and assigned. The next step is to
assemble the designed parts according to the MDD process. The assembly module is used to create physical
constraints for the parts to assemble. Consequently, a reference point is considered at the mouth on the
surface of the die and the RP is transferred to the origin of the world coordinate system (WCS), it is shown
in Figure 5.3. In the blank, one of the sides is coincident with the die surface, and the centre point is
coincident with the die RP. The clearance between blank holder and the blank is approximately 0.005 mm
which is considered by creating the RP with 0.005 mm distance from the centre of the blank holder
moreover, coincident the blank holder’s RP with the centre of the blank but on the upper surface.
Furthermore, the punch is coincident with the centre of the upper surface of the blank, shown in Figure 5.7,
the assembled model is presented. Therefore, the MDD model is assembled according to the real process,
and the constraints are created as the principal of the process.

Figure 5.7 Assembly of the model

Once the model is assembled, the sequence of the MDD process is created. In step module, the process
sequence is defined. There are various categories for procedure types including, heat transfer, static and
dynamic. In this study, the punch sequence was created in which the procedure type is dynamic explicit in
the time-period of 0.001 and occurs after the initial step. In order to determine the thickness and the radius
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of formed cups in the post-processing stage, section thickness, and current nodal coordinates are selected
in the field output menu.
The next step is to define interactions among the various parts in the specific steps. The interaction module
is used to create interactions of punch, die, blank, and blank holder in the “punch” step which occurs after
the initial step which is the first moment of the process. In this study, the interactions are affected by
frictions between the parts. Consequently, the coefficients of friction are defined in the interaction property
menu. In the case of Al-Cu composite material, the coefficients of friction of Al and Cu are different, and
due to the less coefficient of friction of the Cu layer, it is positioned as the upper layer. The interaction
property menu is used to define the coefficient of friction in which the type is contact and tangential
behaviour. The friction formulation is penalty type, and the coefficient of friction under dry lubrication
condition is 0.3 between the punch and the blank, 0.08 between the die and the blank, and similarly 0.08
between the blank holder and the blank. In addition, in the case of Mg-Li alloy, as the die, punch, and blank
holder are the same and the process is under dry lubrication condition, the coefficients of friction are
approximately similar to the Al-Cu composite material.
In the case of the oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions, the coefficient of
friction between the blank, die and blank holder changes into 0.04 and 0.03 respectively. Once the
interaction property is created, the interactions could be defined. There are different types of interactions,
including general contact, surface-to-surface contact, self-contact, and the fluid cavity which should be
chosen based on the step. In the MDD process, the interactions are the surface-to-surface type, and in the
contact interaction property menu, the related coefficients of friction are assigned. Therefore, three
interactions, including the blank to the blank holder, the blank to the punch, and the blank to the die are
created, and the mechanical constraint formulation is set on the penalty contact method to consider the
defined frictional behaviour.
The interactions of the MDD process are defined with consideration of the surface-to-surface frictional
behaviour, and the next step is to create boundary conditions and loads which are applied during the process
after the initial step in the punch step. In the load module, the boundary condition types containing,
symmetry, displacement, velocity, and acceleration are created. In this study, a quarter of the blank was
created. As a result, symmetry boundary conditions are defined at the side ribs of the blanks along the xand z-axes. To explain more, symmetrical boundary condition along the x-axis, restricts further movement
along z-axis. On the contrary, symmetrical boundary condition along the z-axis, restricts the quarter of the
blank along the x-axis. During the process, die is fixed without movement, subsequently the Reference
Point (RP) of the die is fixed by the Encastre option in symmetry boundary condition. Similar to the die,
the RP of the blank holder is fixed by Encastre option. The punch moves toward the die along the normal
direction to the plane of the die which in this model is the y-axis while movement along the x- and zdirections are not allowed. The boundary condition type for the punch is displacement along the y-axis, and
its value for the Al-Cu composite material differs from in the Mg-Li alloy cases due to the real formability
of the blanks. For the punch movement, a proper function is required and defined in the amplitude menu.
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The amplitude type is the smooth step, and in the initial step the amplitude is zero, and at the end of the
time-period (0.001) is 1.0 which means the displacement is completed at the end of defined time-period.
ABAQUS and the other FEM software divide deformable parts into some simpler elements which are called
meshing parts. The size and type of meshes considerably affect the precision and calculation time of
analysis. In this study, to mesh the deformable part, firstly, the approximate element size which is 0.015 for
the blank is defined in the seed menu. Secondly, the element shape including, hexahedron, hexahedrondominated, and tetrahedron is chosen which in this model, hexahedron is selected and sweep or unstructured
meshing technique is preferred rather than the structured technique due to the excessive deformation.
Finally, in the element type menu, explicit element library is chosen to select from the ABAQUS/Explicit
elements lists, and the geometric order is the first order which means linear should be chosen. The
continuum shell is the family of the element type as the analysis is applied on a deformable blank which
behave as a continuum shell. Once the mentioned modules are completed, the pre-processing stage is
accomplished, and the model with the required modification is created. In this stage, the essential
information to undertake analysis is defined, and the software performs analysis based on the information.

5.3. Processing Stage
In this stage, the numerical analysis applied to investigate the process and formed cups. The processing
stage is initiated in the job module. In the job module, it is possible to define job type, including full
analysis, recovery, and restarting. Moreover, after submitting the defined job, the software illustrates the
steps and the warnings during the analysis. Although the occurred warnings are not necessarily preventing
the software to analyse the model, the warnings could lead to errors that cause the software to avert the
computational process. One of the most common errors in ABAQUS is “an extreme deformation has
occurred” which the shape of meshes changes enormously. To solve this error, the size and the shape of the
meshes could be changed or by adaptive re-meshing menu to optimise the meshes to withstand the changes
during the deformation process. The calculation time may vary based on the defined time-period, intervals
and meshes, for instance in the Mg-Li alloy blank the calculation takes approximately 15 hours. Once the
processing stage is finished, the results and reports of the analysis can be provided by the visualization
module.

5.4. Post-processing Stage
Once the processing stage is completed, the results of the analysis are generated which are accessible
through the visualisation module. In this study, there are 12 different simulations were run, including AlCu composite material and three types of Mg-Li alloy under the dry, oil and TiO2 oil-based nano-particle
lubrication conditions. Therefore, in the following sections the formed cups, the force-stroke curve, and the
wall thickness will be illustrated for each condition.
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5.5. As-received Mg-Li Alloy
In this case, the as-received Mg-Li blank was drawn in the simulation under various lubrication conditions.
In Figure 5.8, the formed cups wall and mouth under 1 wt% TiO2 oil-based nano-particle lubrication
condition are shown, and the annotation shows the section thickness of the cup. To define various
lubrication conditions, the corresponding coefficients of friction are defined based on reality. The
displacement of the punch was set at 1 mm to ensure the blank will be fully formed similar to the formed
cups from experiments. The blank holder keeps the blank at the beginning of the MDD process while the
punch is drawing the centre of the blank downward. The dominant phenomena is thickening the cup bottom
and thinning the cup wall. The thinned wall is more susceptible to be wrinkled as it was seen in the
experiments and moreover, the equivalent plastic strain indicates the wrinkles occurrence. The blank holder
keeps the mouth slightly firm while the punch is deeply drawn the blank thickness to the bottom.

Figure 5.8 Distribution of section thickness of as-received Mg-Li cup under 1 wt% TiO2 oil-based nanoparticle lubrication condition (a) cup wall, and (b) cup mouth

Figure 5.9 Distribution of equivalent plastic strain of as-received Mg-Li cup under 1 wt% TiO2 oil-based nanoparticle lubrication condition (a) cup outside, and (b) cup inside

In order to evaluate the permanent strain of the blank, Figure 5.9 illustrates one-quarter of the cup based on
the equivalent plastic strain. The equivalent plastic strain supposed to be diminished by the reduction in the
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coefficient of friction while still the excessive stain can be seen at the cup mouth. Consequently, the blank
holder force is dominant to form the wrinkles at the cup mouth. Due to tight gap between the die and blank,
an ironing process occurs between the die and the blank, and the wrinkles tend to induce inside the cup
which is clearly happened in the simulation.
The mouth thickness, wall height, inner and outer diameters are listed in Table 5.4, in which if the size
effects are considered the slight difference could be justified. In microforming, a blank cannot be considered
as homogenous while in simulation the blank was defined as homogenous.
Table 5.4 As-received Mg-Li alloy formed cup key dimensions under various lubrication conditions

Lubrication

Inner Diameter

Outer Diameter

Thickness

Condition

(µm)

(µm)

(µm)

Dry

822.74

950.30

64.38

655.53-664.32

Oil

822.66

950.32

64.44

652.66-661.49

Nano-particle

822.74

951.58

64.42

650.58-659.57

Height (µm)

For the mentioned model, the drawing force under dry lubrication condition is plotted in Figure 5.10.
Similar to the experiment, the drawing force increases with a relatively high slope due to the bending
resistance of the blank. By entering the blank to the die, the friction force increases up to the maximum
drawing force. Then, once the blank almost enters to the die, the friction force between the die and the blank
is the governing force. The maximum drawing force in the simulation is in a sound alliance with the
experiments. Although the coefficient of friction was defined based on the reality, still the slight difference
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is expected due to the surface asperities.
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Figure 5.10 The drawing force-stroke for as-received Mg-Li under various lubrication conditions

Peaks can be considered as an additional thickness which can affect the drawing force in the experiment,
while in the simulation the surface is almost without asperities. Moreover, in microforming, the blank is
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considered as inhomogeneous, and the deformation is characterised by an individual grain’s mechanical
properties, while the defined mechanical properties assigned to the blank as a homogenous section. To
conclude, by consideration of the microforming characteristics, the simulation and experiments are in an
outstanding alliance.

5.6. Heat-treated at 150 ◦C for 30 min Mg-Li Alloy
In this case, the simulation was conducted for the heat-treated at 150 ◦C for 30 min Mg-Li alloy under
various lubrication conditions. In Figure 5.11, the formed cups wall and mouth under the nano-particle
lubricant are shown, and the annotation shows the section thickness of the cup. The shape of the cup
indicates the thinned wall at the mouth is the same as the formed cup in the experiment. In experiments, the
heat-treated blank illustrated the highest mean surface roughness value which a slight difference between
the experimental and simulation results is expected due to the effect of asperities on the process.

Figure 5.11 Distribution of section thickness of heat-treated at 150 ◦C for 30 min Mg-Li alloy cup under 1 wt%
TiO2 oil-based nano-particle lubrication condition (a) cup wall, and (b) cup mouth

Figure 5.12 Distribution of equivalent plastic strain of heat-treated at 150 ◦C for 30 min Mg-Li alloy cup under
1 wt% TiO2 oil-based nano-particle lubrication condition (a) cup outside, and (b) cup inside

The equivalent plastic strain is utilised to evaluate the permanent strain of the blank, Figure 5.12 illustrates
one-quarter of the cup based on the equivalent plastic strain. The uneven distribution of the equivalent
plastic strain denotes that the cup formation at the mouth is not smooth. The wrinkles occurred at the cup
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mouth in the experiment proves the equivalent plastic strain distribution. Although by utilisation of the
nano-particle lubricant the distribution and magnitude of the equivalent strain changed slightly however,
the existence of excessive regions indicate the wrinkles are still probable to be formed at the regions.
The formed cup fundamental dimensions are listed in Table 5.5. By comparing the simulation results with
the experimental cup shape, a minor difference is associated which can be justified by consideration of the
springback that occurs after deformation. The microforming characteristics induced minor differences
while the finite element software simulates parts in macroscale. Microforming is characterised by individual
grains mechanical properties which significantly affect the deformation behaviour of a part. In the
experiments, the earrings were excessive which affect the height significantly and cause the difference
between the simulation and experimental cup heights.
Table 5.5 Heat-treated at 150 ◦C for 30 min Mg-Li alloy formed cup key dimensions under various conditions

Lubrication

Inner Diameter

Outer Diameter

Thickness

Condition

(µm)

(µm)

(µm)

Dry

822.46

950.38

64.21

653.15-661.51

Oil

823.48

950.42

64.05

650.16-658.82

Nano-particle

822.38

950.40

64.58

648.80-657.21

Height (µm)

For the mentioned model, the drawing force under various lubrication conditions is plotted in Figure 5.13.
In this case, the surface roughness was increased after the heat-treatment process, and it considerably affects
the surface roughness during the microforming process. While the blank was defined as a shell without
asperities, consequently a minor difference can be expected. Moreover, the mechanism of the nano-particle
lubricant is relatively complex in which the effects are more than merely impacting the coefficient of
friction.
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Figure 5.13 The drawing force-stroke for heat-treated at 150 ◦C for 30 min Mg-Li under various condition
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However, the drawing force trend is almost similar to the experimental drawing force. The other reason for
the difference would be the inhomogeneous mechanical properties of the grain within the deformation area
in the experiment, while in the simulation the blank was homogenous and the mechanical properties were
created for the blank as one section. However, the drawing force is in the experimental results’ standard
deviation.

5.7. Heat-treated at 200 ◦C for 2 hours Mg-Li Alloy
In this case, the simulation was conducted for heat-treated at 200 ◦C for 2 hours Mg-Li alloy under dry
lubrication condition. The formed cups wall and mouth under the nano-particle lubrication condition are
shown in Figure 5.14, and the annotation shows the section thickness of the cup. The section thickness
distribution indicates the thinned wall at the mouth and thickened bottom of the cup. The uneven section
thickness was observed at the mouth while for the as-received and heat-treated at 150 ◦C for 30 min blanks
the uneven section thickness distribution was minor. In this case, based on the tensile test results, low
strength was the dominant mechanical property; consequently, the tangential and shear stresses govern the
deformation.

Figure 5.14 Distribution of section thickness of heat-treated at 200 ◦C for 2 hours Mg-Li alloy cup under 1
wt% TiO2 oil-based nano-particle lubrication condition (a) cup wall, and (b) cup mouth

Figure 5.15 Distribution of equivalent plastic strain of heat-treated at 200 ◦C for 2 hours Mg-Li alloy cup
under 1 wt% TiO2 oil-based nano-particle lubrication condition (a) cup outside, and (b) cup inside
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The equivalent plastic strain annotation is applied to evaluate the distribution of permanent strain. Figure
5.15 illustrates one-quarter of the cup based on the equivalent plastic strain. Due to the tight clearance
between the die and blank, the wrinkles occur inside the cup. Moreover, the diagram shows the excessive
equivalent plastic strain inside the cup mouth which can be regarded as the effect of the contact between
the blank and blank holder, and also the tangential stress during the deformation. At the mentioned regions,
the occurrence of the wrinkles is more probable in which the formed cups the experiments wrinkled at the
same regions. The formed cup key dimensions are listed in Table 5.6. As it was aforementioned, the
springback and earrings induce variances between results.
Table 5.6 Heat-treated at 200 ◦C for 2 hours Mg-Li alloy formed cup key dimensions under various conditions

Lubrication

Inner Diameter

Outer Diameter

Thickness

Condition

(µm)

(µm)

(µm)

Dry

822.42

950.40

64.50

652.69-660.89

Oil

822.40

950.40

64.54

657.84-649.50

Nano-particle

822.24

950.40

64.53

647.25-655.66

Height (µm)

For the mentioned model, the drawing force under dry lubrication condition is plotted in Figure 5.16. The
drawing force trend was similar to the experiment in which the blank bending resistance and friction force
increases the drawing force up to a peak value. By comparing various conditions, by increasing the mean
surface roughness, the difference between experimental and simulation results was increased. The nanoparticle lubricant mechanism is relatively complex in which the nano-particles trap oil inside surface
asperities and assist the lubricant to remain on the surface during the deformation, while in the simulation
the mechanism was defined by a standard friction interaction formula. The maximum drawing force was
reduced in the case of oil and the nano-particle lubrication conditions which is the same trend as the
experimental results.
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Figure 5.16 The drawing force-stroke for heat-treated at 200 ◦C for 2 hours Mg-Li under various conditions

58

5.8. Heat-treated Al-Cu Composite Material at 400 ◦C for 5 min
In this case, the simulation was conducted for the heat-treated Al-Cu composite material at 400 ◦C for 5
min under various lubrication conditions. The maximum stroke was set similar to the experiments due to
the limited ductility of the diffusion phase between Cu and Al layers. The formed cups wall and mouth
under the nano-particle lubrication condition are shown in Figure 5.17, and the annotation shows the section
thickness of the cup. The cup wall was thinned at the mouth zone due to the blank holder resistance. The
coefficient of friction was set to reflect the dry lubrication condition. The thinned wall at the mouth occurred
in the simulation and experiments due to the blank holder position and keeping the blank during the MDD
process. In oil lubrication condition, the section thickness distribution indicates the cup is thickened at the
bottom. However, the wall at the mouth region is thinned, but the distribution seems to be even, and the
thinning is homogenous which results in a better cup quality. While in the case of the nano-particle
lubrication condition, the section thickness at the mouth tends to be uneven in comparison with the cups
formed by the short stroke, and it is expected due to the aggregation of tangential and shear stresses by
increasing the stroke.

Figure 5.17 Distribution of section thickness of heat-treated at 400 ◦C for 5 min Al-Cu composite material cup
under 1 wt% TiO2 oil-based nano-particle lubrication condition (a) cup wall, and (b) cup mouth

The equivalent plastic strain is utilised to evaluate the permanent strain of the blank. Figure 5.18 illustrates
one-quarter of the cup based on the equivalent plastic strain. Although in the case of dry lubrication
condition the equivalent plastic strain distribution indicates an extreme deformation inside the cup mouth,
the distribution seems to be even and homogenous. While, the equivalent plastic strain distribution outside
the cup mouth is not even, but the value is not significant. Consequently, it is more probable by increasing
the deformation, wrinkles would be the dominated defect at the cup mouth. In the case of oil and the nanoparticle lubrication conditions, as it was expected, the small uneven equivalent stress distribution became
highlight inside and outside the cup mouth, and it indicates the wrinkles and irregular deformation become
more probable by increasing the stroke.
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Figure 5.18 Distribution of equivalent plastic strain of heat-treated at 400 ◦C for 5 min Al-Cu composite
material cup under 1 wt% TiO2 oil-based nano-particle lubrication condition (a) cup inside, and (b) cup
outside

The formed cup basic dimensions are listed in Table 5.7, which unlike Mg-Li alloy, the drawability of AlCu composite material is low, and the blank is not capable of being fully drawn into the die. As a result,
the formed cup has one diameter. The minor difference between the fundamental dimensions could be
possibly occurred due to the springback of the formed cup after the MDD process. Despite the simulation,
the microscale blank is not uniform by the meaning of mechanical property, and the deformation behaviour
is characterised by individual grain properties within the deformation zone. Moreover, the brittle diffusion
interface between the Al and Cu layers can extensively affect the deformation behaviour.
Table 5.7 The Al-Cu composite material formed cup key dimensions under various conditions

Lubrication condition

Diameter (µm)

Height (µm)

Dry

1461.42

452.76

Oil

1359.98

533.56

The nano-particle

1177

636.27

For the mentioned model, the drawing force under various lubrication conditions is plotted in Figure 5.37.
The bending resistance of the blank increases the drawing force, while unlike the Mg-Li blank, in this case,
the blank is not capable of being fully drawn into the die. Consequently, the contact area between the die
and the blank is not substantial. Accordingly, the friction force between the die and the blank remained
relatively low during the MDD process. To compare the drawing force, the same stroke was considered,
and in agreement with the experimental results, the maximum drawing force was diminished under oil and
the nano-particle lubricant conditions in comparison with dry condition. The mechanism of the nanoparticle lubricant is quite complex, and the effects are more than merely modification of the friction
interaction formula. The slight difference can be justified by consideration of the brittle diffusion interface
between the composite layers, nano-particle lubricant mechanism, and inhomogeneous distribution of
mechanical properties within the blank.

60

9
Dry lubrication condition

8

Oil lubrication condition

Drawing Force (N)

7

Nano-particle lubrication condition

6
5
4
3
2
1
0
0

0.1

0.2

0.3

0.4
Stroke (mm)

0.5

0.6

0.7

0.8

Figure 5.19 The drawing force-stroke for heat-treated at 400 ◦C for 5 min Al-Cu composite material under
various lubrication conditions

5.9. Summary
In this chapter, the pre-processing, processing, and post-processing stages for simulation were mentioned.
According to the MDD process, various lubrication conditions including, dry, oil and TiO2 oil-based nanoparticle lubrication condition were employed to compare the effects on the formed cups were investigated.
As it was expected, a slight variance between the simulation and experimental results was induced due to
the characteristic of microforming. However, the models were capable of the reflection of the overall
deformation behaviour concerning the mentioned lubrication conditions. Therefore, the simulation results
were in an acceptable agreement with the experiments that will be indicated in the discussion chapter.
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Chapter 6
Discussion
6.1. Introduction
In this chapter, the experimental and simulation results will be compared and discussed concerning the
various heat-treatment strategies and lubrication conditions. The effect of each condition on the formed
cups quality and drawing force are investigated to evaluate the effectiveness of the MDD process. The
experimental conditions consist of three lubrication conditions and three types of heat-treated Mg-Li alloy,
and one heat-treated type of Al-Cu composite material. The simulation was conducted according to the
mentioned conditions to present a comprehensive discussion of the results. Therefore, in the following
sections, the results of simulation and experiments are evaluated to obtain a deep insight into effects of the
various lubrication conditions, especially the nano-particle lubricant in the MDD process.

6.2. As-received Mg-Li Alloy
In the MDD process, as it was shown in the experiment and simulation chapters, initially the drawing force
ascents with a slightly low slope up to a peak drawing force. Remaining at the peak is not last for long,
correspondingly after a while, the decent trend starts to reach an approximately constant but not zero value.
The drawing force consists of mostly two forces, the bending resistance and friction force. Before the blank
is drawn into the die, the friction is not capable of sufficiently affecting the drawing force. By entering the
blank into the die, the friction force is generated by the blank-die and blank-blank holder interactions.
Simultaneously, the high flow stress due to the great deformation acts on the drawing force. Figure 6.1
presents the drawing force of the as-received Mg-Li blank under the dry, oil and 1 wt% TiO2 oil-based
nano-particle lubrication conditions in the experiments.
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Figure 6.1 The maximum and the last stroke drawing force
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Maximum Drawing Force (N)

Last Stroke Drawing Force

By utilising the various lubrication conditions, the maximum drawing force was not altered significantly in
which, by exploiting 1 wt% TiO2 oil-based nano-particle lubrication condition the maximum drawing force
was reduced by 1.33% and 4.55% in comparison with oil and TiO2 oil-based nano-particle lubrication
conditions respectively. As it was aforementioned, the maximum drawing force is still dominated by the
bending resistance of the blank, which due to the same blank, the maximum force is expected to be
approximately alike. While still, the maximum drawing force was diminished by exploiting the lubricants.
The friction portion of the drawing force is dominated at approximately last strokes when the blank is fully
drawn into the die, and it was reduced significantly by 11.87% and 43.38% under the oil and 1 wt% TiO2
oil-based nano-particle lubrication conditions respectively.
The simulation was performed for the as-received Mg-Li alloy under the mentioned three lubrication
conditions. Figure 6.2 illustrates the comparison between the experimental and simulation results. The
drawing force trend in the simulation is in the good agreement with the experimental results. The slight
differences occurred due to the microforming characteristics, in which firstly in the simulation the blank
considered as homogenous while in microscale the deformation behaviour of a blank is affected by
mechanical properties of an individual grain located at the deformation zone. Secondly, the surface
roughness plays a crucial role in microforming processes and unlike in macroscale, peaks and valleys are
part of a blank thickness and the comparison under the mentioned conditions is shown in Figure 4.6.
Therefore, the surface roughness can affect the blank geometry and ultimately influence the drawing force.
The open and closed lubricant pockets which affect the frictional behaviour of the blank in microscale can
be considered as one of reasons of the slight variance between the experimental and simulation results.
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While the simulation software follows the conventional frictional behaviour of macroscale materials.
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Figure 6.2 The comparison between experimental and simulation results for as-received Mg-Li under three
lubrication conditions
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By utilising the oil and nano-particle lubricants, the surface roughness of the formed cup’s wall was more
even due to the reduction in standard deviations. Accordingly, it can be expected the drawing force of the
experiment and simulation under oil and 1 wt% TiO2 oil-based nano-particle lubrication condition become
closer. The frictional size effects affect the lubrication conditions in which the increase in open to the closed
pockets causes the lubricants to overflow from the surface. The more viscose lubricants are expected to
illustrate higher performance. Correspondingly, the nano-particle lubricant with a higher viscosity can
survive on the blank surface during the deformation. Moreover, the complex mechanism of the innovative
lubricant is that the approximately 20 nm in diameter nano-particles are able to trap the oil inside the surface
asperities and can hold the lubricant during the deformation. Therefore, the nano-particle lubricant is
capable of mitigating and moderating the frictional size effects in microforming.
In order to evaluate the formed cups quality, wrinkles and earrings which are two crucial parameters in the
deep drawing process, are considered. Wrinkles are defects which appear at the cup mouth and upper area
of the wall. The tangential compressive and radial drawing stresses are two forces that are leading to the
defect. Therefore, by employing Eq. (4.1) which is the relative differences of the minimum and maximum
distances, the occurred wrinkles are judged. In the MDD process, due to a few numbers of grains which are
located at deformation zone, deformability decreases as a result blank compression stability is not sufficient
enough at the flange region. Ultimately, to compensate for the weak compression stability, wrinkles are
unavoidable. As it was expected, the wrinkles are not much affected by utilising the mentioned lubrication
conditions because the main reason of generation is a few grains which are located at the deformation zone,
although lubrication conditions are capable of improving the flowability of blank during deformation, the
effect on the wrinkles and earrings are not significant. Table 6.1 shows the wrinkles (%), earrings (%), and
thickness of the cup mouth in the experiment and simulation under the mentioned lubrication conditions.
Table 6.1 Key parameters of formed cups in the case of as-received Mg-Li alloy

Lubrication

Thickness in

Thickness in

Condition

simulation (µm)

experiment (µm)

Dry

64.38

Oil
1 wt% TiO2 oil-based
nano-particle

Earrings (%)

Wrinkles (%)

63.36

21.88

43.59

64.44

62.98

21.48

40.55

64.42

68.42

21.50

42.49

To conclude, in the case of as-received Mg-Li blank, the reduction of drawing force by exploiting oil and
1 wt% TiO2 oil-based nano-particle lubrication condition was significant. In addition, the surface roughness
was improved by applying the mentioned lubrication condition. The surface roughness by the meaning of
Ra was reduced by 7.14 % and 12.50 % under oil and 1 wt% TiO2 oil-based nano-particle lubrication
conditions respectively, and the standard deviation was considerably declined which leads to smoother and
more even surface consequently high quality formed cups were obtained. The experimental and simulation
results were in good agreement. The wrinkles and earrings occur due to grains number and characteristic
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consequently, the mentioned lubrication conditions are not expected to notably affect the parameters,
although by utilising the lubrication conditions the flowability was enhanced.

6.3. Heat-treated Mg-Li Alloy at 150 ◦C for 30 min
In this case, the trend of drawing force is the same as as-received in which the force increases slightly to
overcome the dominated force which is the bending resistance in this while friction force increases and
after reaching to a peak to drawing force declines to a non-zero value. Figure 6.3 illustrates the comparison
among maximum and last stroke drawing forces of the blank under the mentioned lubrication conditions.
The maximum drawing force under oil and TiO2 oil-based nano-particle lubrication conditions were
reduced by 13.86% and 14.14% respectively, in comparison with dry lubrication condition. The reduction
at the last stroke force was 33.08% and 39.38% by applying oil and TiO2 oil-based nano-particle lubrication
conditions respectively.
Based on the open and closed lubricant pockets theory, the increase of the open to closed pockets ratio
causes the lubricants to overflow from the surface. Correspondingly, the more viscose lubricants tend to
illustrate higher performance due to their ability to remain at the surface during the deformation.
Accordingly, the nano-particle lubricant demonstrates outstanding performance due to a higher viscosity.
Besides, the nano-particles with 20 nm in diameter can trap the oil inside the asperities which ultimately
retain the oil on the surface during the deformation.
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Figure 6.3 The maximum drawing force and the drawing force at the last stroke

The simulation was conducted for the heat-treated at 150 ◦C for 30 min Mg-Li alloy under the mentioned
three lubrication conditions. Figure 6.4 illustrates the comparison between the experimental and simulation
results. The drawing force trend in the simulation is in the sound correspondence with the experimental
results. The slight differences occurred due to the microforming characteristics, in which firstly in the
simulation the blank considered as homogenous while in microscale, the deformation behaviour is governed
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by an individual grain that is located at the deformation zone. Secondly, the surface asperities play a crucial
role in microforming processes which unlike macroscale deformation processes, peaks and valleys are part
of the blank thickness, and affect the geometrical shape of the blank, and congruently, the deformation
force. Therefore, the surface roughness in the experimental results affects the drawing force while in the

Drawing Force (N)

simulation the surface was defined as an even shell.
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Figure 6.4 The comparison between experimental and simulation results for heat-treated Mg-Li at 150 ◦C for
30 min under three lubrication conditions

The difference between the experimental and simulation results under dry lubrication condition is more
than the other lubrication conditions. Besides, it can be noticed that the surface roughness of the formed
cup under dry lubrication condition is the worst one. Therefore, it can be concluded that the surface
asperities can affect the drawing force considerably and by applying oil and 1 wt% TiO2 oil-based nanoparticle lubrication conditions, the drawing force resulted from experiment tends to get closer to simulation
results. In addition to the mean surface roughness, Ra, the standard deviation is also reduced by exploiting
oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions. As a result, the surface of the formed
cup will be smoother, and more even subsequently the quality will be enhanced.
To evaluate the quality of formed cups in-depth, wrinkles and earrings are investigated to determine the
effects of various lubrication conditions on the heat-treated at 150 ◦C for 30 min Mg-Li blank. However,
wrinkles and earrings are mostly grain source defects lubricants, by increasing flowability it may be
possible to moderate the defects and improve the cup’s quality. Table 6.2 is listed the basic parameters
including, wrinkles (%), earrings (%), and cup mouth thickness in the simulation and experiment under the
mentioned lubrication conditions. The heat-treated at 150 ◦C for 30 min Mg-Li blank is suspected to initiate
generating fine grains, due to the higher strength and Young’ Modulus. Correspondingly, it is expected to
illustrate relatively better quality concerning wrinkles and earrings. The listed values show a slight
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reduction in wrinkles in comparison with the as-received blank. However, the anisotropic properties of the
grains seem not to be enhanced after the heat-treatment.
Table 6.2 Key parameters of formed cups in the case of heat-treated at 150 ◦C for 30 min Mg-Li alloy

Lubrication

Thickness in

Thickness in

Condition

simulation (µm)

experiment (µm)

Dry

64.21

Oil
1 wt% TiO2 oil-based
nano-particle

Earrings (%)

Wrinkles (%)

65.82

22.74

41.70

64.05

70.66

21.66

38.15

63.96

65.78

21.29

42.25

In conclusion, the maximum and last stroke drawing forces were reduced significantly by applying oil and
1 wt% TiO2 oil-based nano-particle lubrication conditions. The maximum drawing force was decreased by
13.86 % and 14.14 % under oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions respectively.
However, the drawing force at the last stroke was reduced even more by 33.22% and 39.38% by exploiting
oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions respectively. The complex mechanism
of the nano-particles delivers an outstanding performance during the deformation. Regarding the formed
cup quality, although the surface roughness was increased after heat-treatment, the reduction of surface
asperities was also substantial by 18.18 % and 19.48 % under oil and 1wt% TiO2 oil-based nano-particle
lubrication conditions respectively. Consequently, the surface of the formed cup was more even and
smoother. However, the wrinkles and earrings are mostly grain source defect, the increase of flowability
was not sufficient to compensate this defect.

6.4. Heat-treated Mg-Li Alloy at 200 ◦C for 2 hours
The heat-treated Mg-Li at 200 ◦C for 2 hours was drawn into the die by drawing speed of 0.1 mm/s.
Similarly, the drawing force was increased due to the bending resistance of the blank while by entering the
blank into the die the friction resistance was increasing as well up to reaching to the peak which is named
as the maximum drawing force. The friction force remains the dominated force when the blank is fully
drawn into the die.
By utilising oil and the nano-particle lubrication conditions the maximum force was reduced by 7.39% and
8.55% respectively. The last stroke drawing force was reduced significantly by 34.10 % and 42.26 %
respectively, shown in Figure 6.5. The significant reduction of the last stroke drawing force indicates the
notable performance of the nano-particle lubricant. The nano-particles can penetrate to surface asperities
and trap oil inside the surface and retain the lubricant during the deformation. By the mentioned mechanism,
the nano-particle lubricant is capable of moderating the open and closed lubricant pockets effects and
considerably mitigating the frictional size effect.
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Figure 6.5 The maximum drawing force and the drawing force at the last stroke

The simulation was conducted for the heat-treated at 200 ◦C for 2 hours Mg-Li alloy under the mentioned
three lubrication conditions. The comparison between the experimental and simulation results is shown in
Figure 6.6. In the simulation, the blank was considered as a homogeneous shell, while in microforming,
surface asperities are part of blank thickness and geometry. Consequently, a slight difference between the
experimental and simulation results are expected. By comparing the results of the heat-treated at 200 ◦C for
2 hours with the heat-treated at 150 ◦C for 30 min, by increasing the surface roughness, the difference
between the simulation and experimental results increases. Although the mentioned issues have significant
effects on microforming processes, the simulation results were in good agreement with the experimental
results.
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Figure 6.6 The comparison between experimental and simulation results for heat-treated Mg-Li at 200 ◦C for 2
hours under three lubrication conditions
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The difference between the simulation and experiment in the case of dry lubrication condition is more than
oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions. It can be concluded that the effect of
surface roughness is significant and by applying oil and 1 wt% TiO2 oil-based nano-particle lubrication
conditions the surface roughness considerably enhanced, and the surface was smoother which as a result
the results were closer to the simulations, Figure 6.12 illustrates the surface roughness and the standard
deviations under mentioned conditions.
In addition to surface roughness, wrinkles and earrings were considered to evaluate the formed cups quality.
As it was mentioned before, wrinkles and earrings are grain source defects, however it can be expected by
improvement of flowability under lubrication conditions, the wrinkles and earrings are reduced. In this case,
the blank is suspected to having coarse grains, and the heat-treatment temperature was above the melting
point of the material which is approximately 180 ◦C, consequently more wrinkles and earrings are expected.
Table 6.3 presents the key parameters of the formed cup under mentioned conditions.
Table 6.3 Key parameters of formed cups in the case of heat-treated at 200 ◦C for 2 hours Mg-Li alloy

Lubrication

Thickness in

Thickness in

Condition

simulation (µm)

experiment (µm)

Dry

64.50

Oil
1 wt% TiO2 oilbased nano-particle

Earrings (%)

Wrinkles (%)

62.79

24.11

49.47

64.54

67.56

24.06

43.46

64.53

64.77

22.61

42.40

To conclude, by exploiting the oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions the
maximum and last stroke drawing force were reduced considerably. By utilising oil and 1 wt% TiO 2 oilbased nano-particle lubrication conditions the surface roughness was reduced by 13.33 % and 16 %
respectively, and the standard deviations were decreased substantially which means the formed cup quality
was increased noticeably. However, wrinkles and earrings were increased in comparison to the previous
cases, and it can be concluded that the coarse grains generated during the heat-treatment process,
correspondingly applying the mentioned lubrication conditions were effective to improve formed cups
quality.

6.5. Heat-treated Al-Cu Composite Material at 400 ◦C for 5 min
In this case, the effects of the mentioned lubrication conditions on the Al-Cu composite material blank are
investigated and compared with the simulation results. The drawing force trend was different from Mg-Li
blank because the drawability of the Mg-Li blank is higher than Al-Cu composite material and the bank
was drawn fully into the die while it is not possible within the composite material due to the brittle diffusion
interface between the layers. Consequently, initially, the drawing force increases with a small slope to
overcome the bending resistance of the blank in this while by entering the blank into to die, the friction
force is increased to reach the maximum force. Unlike the previous cases, the maximum drawing force
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occurs at the last stroke of the process due to the incomplete cup formation. Figure 6.7 illustrates the
drawing force under dry, oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions. The maximum
force was reduced by 6.19 % and 13.90 % under oil and 1wt% TiO2 oil-based nano-particle lubrication
conditions respectively, which is shown in Figure 6.14. Although in this case, the blank is not capable of
fully drawn into the die, the reduction of the coefficient of friction between the blank and blank holder,
reduces the drawing force.
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Figure 6.7 The maximum force comparison

The simulation was performed for Al-Cu composite material under the mentioned lubrication conditions.
Figure 6.8 presents the comparison between experimental and simulation results. The difference between
experimental and simulation results are decreased by utilising oil and 1 wt% TiO2 oil-based nano-particle
lubrication conditions. Similar to the previous conditions, surface asperities play a crucial role in
microforming and affect the blank geometry and the drawing force. Based on the drawing force curves, the
drawing force increases with almost the same slope, but the maximum drawing force is affected by utilising
the mentioned lubrication conditions. The slight difference between the simulation and experimental results
can be justified by the surface characteristics and the diffusion phase between the Cu and Al layers which
affects the blank’s mechanical properties and deformation behaviour. The mean surface roughness was
reduced significantly under oil and 1wt% TiO2 oil-based nano-particle lubrication conditions. The
reduction, in comparison with dry lubrication, was 26.44 % and 53.71 % under oil and 1 wt% TiO2 oilbased nano-particle lubrication conditions respectively. As the surface asperities are part of blank thickness,
and they are typically neglected in simulation, and the difference occurred in dry lubrication condition, and
then by applying lubricants the asperities was moderated; consequently, the simulation and experimental
results were matched well.
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Figure 6.8 The comparison between experimental and simulation results for heat-treated Al-Cu composite
material under three lubrication conditions

The blank made of Al-Cu composite material is not capable of fully drawn; consequently, wrinkles and
earrings are not expected. Table 6.4 lists the fundamental dimension of formed cups in simulation and
experiments. By utilising oil and TiO2 oil-based nano-particle lubrication conditions, the drawability was
increased in which the maximum height was increased by 16.50 % and 39.54 % respectively. The oil and
nano-particle lubricants are capable of improving the blank drawability which leads to producing cups with
higher height without fracture.
Table 6.4 Key parameters of formed cups made of Al-Cu composite material

Height in

Height in

Diameter in

Diameter in

simulation

experiment

simulation

experiment

(µm)

(µm)

(µm)

(µm)

Dry

452.76

452.40

1461.42

Oil

533.56

527.07

636.27

631.28

Lubrication
Condition

TiO2 oil-based
nano-particle

Height

Diameter

Error (%)

Error (%)

1460.62

0.07

0.05

1359.98

1354.50

1.21

0.40

1177

1212.06

0.78

2.97

To conclude, the maximum force was reduced by 6.19 % and 13.90 % under oil and 1 wt% TiO2 oil-based
nano-particle lubrication conditions respectively. The effect of the lubricants was substantial on the surface
roughness, in comparison with dry lubrication condition, in which the Ra value was decreased by 26.44 %
and 53.71 % under oil and 1 wt% TiO2 oil-based nano-particle lubrication conditions respectively. In
addition, the drawability was increased considerably by 16.50 % and 39.54 % under oil and 1 wt% TiO 2
oil-based nano-particle lubrication conditions respectively in comparison with dry. Therefore, the formed
cups quality increased by utilising the lubrication conditions and led to reducing the difference between the
experimental and simulation results.
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Figure 6.9 The mechanism of the nano-particle lubricant [77]

Accordingly, the 1 wt% TiO2 oil-based nano-particle lubricant with the higher dynamic viscosity and
density by far subsequently, revealed superior performance in comparison with dry and oil lubrication
conditions. The 20 µm nano-particles are capable of penetrating into the surface asperities and avoiding the
oil to overflow from the surface [58, 59]. The flow resistance of the innovative nano-particle lubricant in
the open lubricant pockets caused more static behaviour to retain overflow and drain from the surface
asperities [57], as the mechanism is shown in Figure 6.9. Therefore, the open and closed lubricant pockets
size effect tends to be compensated by exploiting the higher viscosity lubricant due to the higher flow
resistance, which leads to the moderate the overflow at the open lubricant pocket regions, and the oil
lubricant trapped inside asperities by the nano-particles.
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Chapter 7
Conclusion and Recommendation
7.1. Conclusion
In this study, the novel Mg-Li alloy was employed to investigate its behaviour in the MDD process. The
superior properties including, low density, high cycle capacity, and lower energy consumption have
assigned broad applications to the alloy. In addition to the as-received form, which was processed by a hot
rolling process, two heat-treated strategies were conducted to explore the Mg-Li alloy behaviour more indepth. The mechanical properties of the mentioned three types of the alloy were obtained by micro tensile
test developed in this study by increasing the accuracy and significantly diminishing the analysis time. To
study the MDD process under lubrication conditions, dry, oil and 1 wt% TiO2 oil-based nano-particle
lubricants were exploited.
The nano-particle lubricant is an innovative lubricant with unique properties which significantly affects the
MDD process by enhancing the formed cup quality and declining drawing force. The maximum drawing
force was reduced up to 14.14% by utilisation of the nano-particle lubricant. Due to the effects of friction
force at the last stroke drawing force, it was measured and the results were more impressive as the last
stroke drawing force was reduced up to 43.38% under the nano-particle lubrication condition. The nanoparticles with 20 nm in diameter trap the oil inside surface asperities. Accordingly the lubricant exists on
the surface of the blank during the deformation and the frictional size effects including the increased ratio
of open to closed lubricant pockets are moderated. Correspondingly, the advantages of the nano-particle
lubricant lead to energy consumption decline which is the objective of microforming processes. In addition
to the reduction in drawing force, the nano-particle lubricant illustrates high performance concerning the
formed cup quality by the meaning of mean surface roughness, Ra. The nano-particle lubricant is capable
of reducing the mean surface roughness up to 18.18% in comparison with dry lubrication condition which
leads to form high-quality micro-cups.
Furthermore, due to the increasing applications of composite materials, Al-Cu composite material was
chosen to investigate the effects of the mentioned lubrication conditions on drawability, drawing force and
formed cup quality specially cup wall surface roughness. It was found that the drawability was increased
significantly and the mean surface roughness was reduced, and the maximum drawing force was reduced
considerably under the nano-particle lubricant. The mechanism of the nano-particle lubricant induced
superior performance to mitigate the frictional size effects in microforming including, open and closed
lubricant pockets. The FEM analysis was conducted by ABAQUS for the mentioned types of Mg-Li alloy
and Al-Cu composite material under the lubrication conditions. The results were in a sound agreement with
the experimental results and getting closer by utilising the nano-particle lubricant due to the notable
reduction in surface roughness of formed cups.
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7.2. Recommendation
In metal forming processes, warm forming is a novel approach which increases the flowability of material
and reduces energy consumption by reducing forming force while it is abandoned in the MDD process due
to the structure of die set. In the case of Mg-Li alloys which the melting point is low, warm forming could
be conducted at a relatively low temperature and maintain a wide range of benefits for equipment life-cycle
and enhancing flowability of the materials. In addition, it can be expected that the defects including wrinkles
and earrings will be reduced due to more uniform deformation during warm forming, and also the scatter
of mechanical properties will be declined as grains tend to deform homogeneously. Moreover, in the case
of Al-Cu composite material, warm forming can affect drawability of the brittle interphase which leads to
fully drawn formed cup with a lower drawing force and less fracture.
In this study, the nano-particle lubricant was 1 wt% TiO2 oil-based nano-particle lubricant; consequently,
the other TiO2 mass fractions can be utilised. In addition, the nano-particle lubricant was oil-based, it is
possible to utilise water-based lubricants or other dispersants due to the environmental issues especially
when it comes to mass production. For instance, there is an environmental-friendly dispersant which is
more viscose than the utilised oil. Therefore, using the innovative lubricant within the mentioned dispersant,
a significant improvement is expected.
Consideration of the surface roughness in the simulation is crucial to obtain the results as accurate as
possible. In this study, although the simulation results were in sound agreement with the experimental
results, in the future study, proper microstructural and more accurate frictional models will be applied in
the FEM simulation of the microforming of composite materials.
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